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Re´sume´ : Au cours du XXe`me sie`cle, les mesures mare´graphiques ont permis d’estimer la
hausse du niveau de la mer global a` 1.7 mm.a-1. Depuis deux de´cennies, les observations
faites par les satellites altime´triques indiquent une hausse du niveau de la mer plus
rapide, de 3.2 mm.a-1 sur la pe´riode 1993-2011. Graˆce a` leur couverture quasi-globale, les
observations spatiales ont aussi re´ve´le´ une forte variabilite´ re´gionale dans la hausse du
niveau de la mer qui de´passe de beaucoup la hausse moyenne globale dans de nombreuses
re´gions du globe. Cette composante re´gionale qui s’ajoute a` la hausse globale pour donner
le niveau de la mer total local, est essentielle dans l’e´tude des impacts de la hausse
du niveau de la mer sur les re´gions coˆtie`res et les ıˆles basses. Dans cette the`se, nous
analysons les observations de la variabilite´ re´gionale de la hausse du niveau de la mer,
nous proposons une reconstrution de cette variabilite´ re´gionale depuis 1950 (i.e. avant
l’ave`nement de l’altime´trie spatiale) et nous e´tudions ses causes et ses origines.
Dans une premie`re partie, nous analysons les diffe´rentes contributions a` la variabilite´
re´gionale de la hausse du niveau de la mer observe´e depuis 1993 par les satellites
altime´triques. Nous estimons la hausse re´gionale issue de l’expansion thermo-haline de
l’oce´an et montrons que la variabilite´ re´gionale des vitesses de variation du niveau de la
mer s’explique essentiellement par celle de l’expansion thermique de l’oce´an. Les variations
de masse de l’oce´an jouent aussi un roˆle mais qui est difficile a` estimer re´gionalement du
fait du faible signal. Nous reconstruisons ensuite la variabilite´ re´gionale du niveau de la mer
dans le passe´ (avant la pe´riode altime´trique) en combinant des donne´es mare´graphiques
avec les structures spatiales propres de l’oce´an de´duites des mode`les d’oce´an. Cette
me´thode permet de reconstruire le niveau de la mer en 2 dimensions depuis 1950, sur la
majeure partie du globe, avec une re´solution proche de celle de l’altime´trie spatiale.
Dans une seconde partie, nous appliquons la me´thode de reconstruction pour estimer la
variabilite´ re´gionale de la hausse du niveau de la mer passe´e dans trois re´gions sensibles au
re´chauffement climatique : le Pacifique tropical, la mer Me´diterrane´e et l’oce´an Arctique.
Nous en de´duisons pour ces re´gions la hausse totale ( re´gionale plus moyenne globale) du
niveau de la mer local au cours des dernie`res de´cennies. Pour les sites ou` l’on dispose de
mesures du mouvement de la crouˆte terrestre, nous e´valuons la hausse local du niveau de
la mer relatif (i.e. hausse du niveau de la mer totale plus mouvement de la crouˆte local)
depuis 1950. Le but est de permettre les e´tudes de l’impact local de la hausse du niveau
de la mer aux e´chelles climatiques.
Dans la dernie`re partie de cette the`se, nous analysons l’origine de la variabilite´
re´gionale de la hausse du niveau de la mer pour de´terminer si elle est duˆe a` l’activite´
anthropique ou si elle re´sulte de la variabilite´ naturelle du syste`me climatique. Nous nous
focalisons sur le Pacifique tropical qui est marque´ par une tre`s forte variabilite´ re´gionale
de la hausse du niveau de la mer depuis 1993. Graˆce a` la reconstruction du niveau de
la mer depuis 1950, nous montrons que cette variabilite´ re´gionale re´cente (17 dernie`res
anne´es) n’est pas stationnaire dans le temps mais qu’elle fluctue en lien avec une basse
fre´quence du mode de variabilite´ ENSO. Avec les mode`les de climat du projet CMIP3,
nous montrons de plus que cette variabilite´ re´gionale est essentiellement d’origine naturelle
(variabilite´ interne du syste`me climatique) et que l’impact anthropique y est trop faible
pour l’instant pour y eˆtre de´tecte´.
Mots cle´s : Hausse du niveau de la mer, changement climatique global, impacts, altime´trie
spatiale, Argo, GRACE, variabilite´ re´gionale, fluctuations de´cennales, reconstruction du
niveau de la mer, variabilite´ climatique naturelle, impacts anthropiques.
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Summary : Over the XXth century, tide gauge records indicate a rise in global sea level
of 1.7 mm.a-1. For the past two decades, satellite altimetry data indicate a faster sea level
rise of 3.2 mm.a-1 (period 1993-2011). Thanks to its global coverage, they also reveal a
strong regional variability in sea level rise that is several times bigger than the global rise
in many regions of the world. This regional signal, which must be added to the global sea
level rise to compute the total sea level signal, is essential when assessing the potential
impacts of sea level rise in coastal areas and low lying islands. In this thesis, we analyse
the observed regional variability in sea level rise from satellite altimetry (since 1993), we
propose a reconstruction of the past regional variability since 1950 (i.e. prior to altimetry)
and we discuss its causes (thermal expansion of the ocean plus land ice loss) and origins
(from natural or anthropogenic origin).
First, we analyse the contributions to the regional variability observed by satellite
altimetry since 1993. The thermo-haline expansion of the ocean is estimated over this
period. It shows that the regional variability in thermal expansion of the ocean explain
most of the regional variability in sea level rise. The regional variability in ocean mass
also plays a role locally but this role is difficult to estimate because its contribution to the
regional variability in sea level rise is weak compared to the thermal expansion one. For the
past decades, before the altimetry era, we reconstruct the sea level variations by combining
tide gauge records with the principal spatial structures of the ocean deduced from ocean
general circulation models. This method enables to reconstruct the 2 dimensional sea
level variations since 1950 with a spatial coverage and resolution similar to the satellite
altimetry ones.
In the second part of this thesis, the reconstruction method is applied to estimate the
past regional variability in three regions which are particularly vulnerable to sea level
rise : the tropical Pacific, the Mediterranean sea and the Arctic ocean. For each region,
the reconstruction gives an estimation of the total (regional component plus global mean)
2-dimensional sea level rise over the past decades. For the sites where vertical crustal
motion monitoring is available, we compute as well the total relative sea level (i.e. total
sea level rise plus the local vertical crustal motion) since 1950. The objective is to provide
estimates of the relative local sea level rise at climatic time scales to allow further studies
on the coastal impacts of sea level rise.
In the last part of this thesis, the question of the origins of the regional variability
in sea level rise is addressed. We examine whether the regional variability in observed
sea level rise since 1993 is a consequence of the anthropogenic activity or if it results
essentially from the natural variability of the climate system. We focus on the Tropical
Pacific where the regional variability in sea level rise is particularly strong since 1993. On
the basis of the reconstruction of the sea level variations since 1950, we show that the
recent regional variability in sea level rise observed by satellite (over the last 17 years)
in this region is not stationnary. It fluctuates with time, following some low frequency of
the ENSO climate mode of variability. With the CMIP3 climate models, we show that
this regional variability is dominated by the natural variability of the climate system
(essentially by the internal variability of the climate system) and that the signature of the
anthropogenic activity is still too weak in this region to be detected.
Keywords : Sea level rise, global climate change, impacts, satellite altimetry, Argo,
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Introduction
Plusieurs dizaines de millions de personnes vivent aujourd’hui sur la fine bande littorale
qui entoure les continents car elles sont attire´es par le climat, les terres fertiles (en par-
ticulier dans les deltas), les infrastructures socio-e´conomiques (transport, developpements
touristiques, acce´s portuaires, peˆcheries etc) ou encore le cadre de vie. A ces populations
s’ajoutent celles qui vivent sur les ıˆles oce´aniques qui ne de´passent pas le niveau de la
mer de plus de quelques me`tres. L’ensemble fait une quarantaine de millions de personnes
environ, qui habitent aujourd’hui la proximite´ des oce´ans ( 0.6% de la population mondi-
ale, Nicholls et al. [2008]). Ce de´veloppement de´mographique des coˆtes s’est accompagne´
d’un de´veloppement e´conomique conside´rable et les deux se sont acce´le´re´s au cours des 50
dernie`res anne´es (Nicholls et al. [2008]). Cependant ceci s’est fait sans prendre en compte
la monte´e rapide du niveau de la mer que l’on observe depuis plusieurs de´cennies.
Au cours des 4 derniers mille´naires le niveau de la mer ne s’est pas e´leve´ a` plus de
±0.5 mm.a-1. En revanche, les observations des mare´graphes historiques, installe´s le long
des coˆtes, montrent une acce´le´ration du niveau de la mer depuis la fin du XIXe`me sie`cle.
Elles convergent vers une augmentation du niveau marin de 1.7 mm.a-1 au cours du XXe`me
sie`cle, soit une valeur 3 a` 4 fois supe´rieure a` celle des derniers mille´naires. Sur les 20
dernie`res anne´es, les observations par satellites altime´triques, Topex/Poseidon, Jason 1 et
2, indiquent une hausse globale du niveau de la mer encore plus forte : de 3.2 mm.a-1.Elles
ont aussi mis en e´vidence une forte variabilite´ re´gionale dans la hausse du niveau de la mer
avec des re´gions comme l’Ouest du Pacifique tropical ou` le niveau de la mer augmente tre`s
vite (3 a` 4 fois plus vite que la hausse du niveau global) et des re´gions ou` il stagne, voire
meˆme diminue le´ge`rement depuis 1993, comme sur la coˆte Nord-Ouest des Etats-Unis. La
forte acce´le´ration du niveau marin au cours du XXe`me sie`cle est attribue´e, pour sa majorite´,
au re´chauffement global d’origine anthropique que l’on observe depuis plusieurs de´cennies
(Solomon et al. [2007]). Elle a de´ja` engendre´ des impacts environn ementaux, e´conomiques
et socie´taux visibles sur certaines zones coˆtie`res en particulier du fait du de´veloppement
intense de ces re´gions depuis les anne´es 1950.
L’augmentation du niveau de la mer ne devrait pas ralentir dans un proche avenir.
La plupart des sce´narii de de´veloppement e´conomique futur, utilise´s pour estimer les pro-
jections climatiques du XXIe`me sie`cle dans le 4e`me rapport du GIEC, pre´voient une aug-
mentation des e´missions anthropiques de gaz a` effet de serre jusqu’aux anne´es 2050, au
moins. Dans ce contexte, les meˆmes causes provoquant les meˆmes effets, les mode`les de
climat indiquent que le niveau de la mer va continuer a` augmenter de manie`re re´gulie`re
jusqu’en 2100 et au dela`. Le 4e`me rapport du GIEC estime que les impacts associe´s seront
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tre`s importants (Parry et al. [2007]) et identifie la monte´e du niveau de la mer duˆe au
changement climatique comme l’un des de´fis majeurs auxquels sera confronte´e l’humanite´
au cours du XXIe`me sie`cle.
L’augmentation du niveau de la mer global depuis les anne´es 1950, ses origines an-
thropiques et ses impacts significatifs ont e´te´ confirme´s par de nombreuses e´tudes depuis le
dernier rapport du GIEC (Jevrejeva et al. [2008]; Cazenave and Llovel [2010]; Church and
White [2011]; Church et al. [2011] ; etc) et sont sans e´quivoques aujourd’hui. De meˆme, la
communaute´ scientifique s’accorde sur le fait que le niveau de la mer global va continuer
a` augmenter dans les de´cennies a` venir. Cependant, de nombreuses incertitudes subistent
en ce qui concerne la variabilite´ spatio-temporelle du niveau de la mer passe´e et future.
Pourtant, c’est l’estimation et la compre´hension de´taille´e de son amplitude et des e´chelles
caracte´ristiques auxquelles elle e´volue (dans le temps et dans l’espace) qui permettra de
de´terminer, a` l’e´chelle re´gionale, les variations locales du niveau de la mer relatif et d’es-
timer pre´cisement les impacts associe´s. Ma the`se s’inte´resse a` ce point pre´cis : elle contribue
a` une meilleure estimation et compre´hension de la variabilite´ re´gionale du niveau de la mer
passe´ (qui se superpose a` la hausse moyenne globale) et de son e´volution dans le temps et
l’espace. Elle traite aussi des causes qui ge´ne`rent la variabilite´ dans le niveau de la mer et
cherche a` de´terminer si elles sont d’origine anthropique ou naturelle.
Ce manuscrit s’articule en 4 chapitres.
Le chapitre 1 consiste en une introduction ge´ne´rale sur les variations du niveau marin
a` toutes les e´chelles spatio-temporelles. Ce chapitre ne pre´sente pas de travaux de the`se. Il
re´sume les principaux re´sultats concernant les variations du niveau de la mer que l’on trouve
dans la litterature. Apre`s un rappel rapide sur les interactions fortes qui lient le niveau de
la mer aux changements climatiques au cours des temps ge´ologiques, nous nous focalisons
sur les 150 dernie`res anne´es. Nous passons en revue les diffe´rents moyens d’observation du
niveau de la mer que sont les mare´graphes et les satellites altime´triques. Nous exposons
les variations du niveau de la mer global telles qu’elles sont observe´es par les mare´graphes
depuis 1850 et celles de sa variabilite´ re´gionale telle qu’elles sont observe´es par les satellites
altime´triques depuis 1993. Nous en analysons les causes et nous pre´sentons les projections
attendues pour la fin du XXIe`me sie`cle. Nous re´sumons a` la fin de ce chapitre les enjeux
scientifiques majeurs actuels qui sont lie´s a` l’e´tude du niveau de la mer.
Les chapitres 2, 3 et 4 pre´sentent les travaux de the`se. Le chapitre 2 pre´sente les travaux
que nous avons re´alise´s sur l’estimation de la variabilite´ re´gionale du niveau de la mer dans
le passe´ et sur ses causes. Il est divise´ en deux parties. La premie`re partie se focalise sur
la pe´riode altime´trique, de 1993 a` aujourd’hui, pour laquelle nous disposons d’une mesure
de la variabilite´ re´gionale du niveau de la mer graˆce aux satellites altime´triques. Dans
cette partie, nous montrons que la variabilite´ re´gionale du niveau de la mer s’explique
essentiellement par la variabilite´ re´gionale du re´chauffement oce´anique. Les variations de
masse de l’oce´an jouent aussi un roˆle mais qui est difficile a` estimer de manie`re re´gionale
du fait du faible signal. Cependant nous montrons que pour des re´gions assez grandes
de l’ordre du demi-bassin oce´anique, ou pour des e´ve`nements intenses comme El Nin˜o
1997/1998, ce signal peut eˆtre estime´ pre´cisement et sa contribution aux variations locales
du niveau de la mer est non-ne´gligeable. La deuxie`me partie du chapitre s’inte´resse aux
dernie`res de´cennies, pour lesquelles nous ne disposons que des mesures mare´graphiques dont
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l’e´chantillonnage spatial est tre`s e´pars et inhomoge`ne. Nous montrons qu’il est possible
sur cette pe´riode, d’estimer la variabilite´ re´gionale du niveau de la mer en combinant
les donne´es mare´graphiques avec les structures spatiales propres de l’oce´an de´duites des
mode`les oce´aniques. Cette me´thode permet de reconstruire le niveau de la mer en 2D depuis
1950 sur la majeure partie du globe. Elle donne une estimation convaincante de la variabilite´
re´gionale sur les dernie`res de´cennies quand on la compare a` des donne´es inde´pendantes,
aux re´analyses oce´aniques ou a` des me´thodes plus anciennes de reconstruction. Ceci donne
un outil efficace pour analyser les variations re´gionales du niveau de la mer aux e´chelles
climatiques (30 ans et plus) et en de´terminer les origines.
Dans le chapitre 3, nous appliquons la me´thode de reconstruction pour estimer les
variations passe´es du niveau de la mer 2D dans trois re´gions sensibles au re´chauffement
climatique : le Pacifique tropical, la mer Me´diterrane´e et l’oce´an Arctique. Dans le Paci-
fique tropical ou` la variabilite´ re´gionale du niveau de la mer est extreˆmement forte sur
la pe´riode altime´trique, nous montrons que sur les dernie`res de´cennies (depuis 1950) la
variabilite´ re´gionale est moins forte et pre´sente des structures spatiales tre`s diffe´rentes de
celles observe´es sur la pe´riode altime´trique (20 dernie`res anne´es). Ce re´sultat, confirme´
par des mare´graphes inde´pendants, nous permet d’estimer pour 9 ıˆles de l’ouest du Paci-
fique, la monte´e relative du niveau de la mer depuis 1950. De cette manie`re, nous mettons
en e´vidence que les variations climatiques du niveau de la mer ne sont, en ge´ne´ral, pas
le seul facteur qui joue dans l’augmentation locale du niveau de la mer : il y a aussi le
mouvement de la crouˆte local d’origine naturelle ou anthropique. En mer Me´dite´rrane´e,
la reconstruction en 2D depuis 1970 re´ve`le que les variations du niveau de la mer sont
domine´es par les variations du niveau moyen du bassin et que la variabilite´ re´gionale est
faible en comparaison. Nous nous focalisons alors sur le niveau moyen et nous en estimons
les composantes ste´rique et massique. Nous montrons que la composante massique est pi-
lote´e par l’e´vaporation au dessus du bassin et les entre´es/sorties au de´troit de Gibraltar.
Nous montrons que l’augmentation du niveau de la mer en Me´diterrane´e depuis 1970 est
essentiellement d’origine massique et qu’elle est comparable en amplitude a` celle du niveau
global. Dans l’oce´an Arctique, nous analysons les variations du niveau de la mer depuis 1950
a` partir des donne´es des mare´graphes Norve´giens et Russes. La moyenne des mare´graphes
indique une augmentation du niveau de la mer Arctique comparable a` celle du niveau global
depuis 1950. En revanche, le niveau de la mer Arctique semble avoir connu deux phases
distinctes : une premie`re phase jusqu’en 1990 durant laquelle le niveau est reste´ stable et
une seconde phase, apre`s 1990, marque´e par une hausse tre`s rapide. Ce re´sultat, visible a`
la fois dans les mare´graphes Russes et Norve´giens, semble ge´ne´ral a` l’oce´an Arctique. Il est
confirme´ par l’altime´trie sur la pe´riode re´cente (depuis 1993) et par les donne´es ste´riques
dans le Nord de l’Atlantique. Les re´sultats pre´liminaires de la reconstruction 2D du niveau
de la mer en Arctique confirment aussi cette acce´le´ration rapide a` partir des anne´es 1990
qui est ge´ne´rale au bassin Arctique.
Dans le dernier chapitre (chapitre 4), nous analysons l’origine de l’augmentation du
niveau de la mer sur les dernie`res de´cennies pour de´terminer si elle est anthropique ou
naturelle. Ce chapitre se de´compose en deux parties. Dans la premie`re partie nous analysons
les origines de l’augmentation du niveau de la mer global. Plusieurs e´tudes de la litte´rature
ont quantifie´ l’impact des e´missions anthropiques de gaz a` effet de serre et des forc¸ages
naturels du syste`me climatique (tel que la variabilite´ solaire ou volcanique) sur la variabilite´
des diffe´rents contributeurs a` la hausse du niveau de la mer. Nous re´sumons ces e´tudes
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et par une e´tude de bilan sur les dernie`res de´cennies, nous montrons que les e´missions
anthropiques de gaz a` effet de serre sont implique´es dans au moins 65% de l’augmentation
du niveau de la mer global. Dans la deuxie`me partie du chapitre, nous nous appuyons
sur les reconstructions 2D du niveau de la mer pour de´velopper la premie`re e´tude de
de´tection et attribution du signal anthropique sur la variabilite´ re´gionale du niveau de
la mer. Nous nous focalisons sur le Pacifique tropical qui est marque´ par une tre`s forte
variabilite´ re´gionale du niveau de la mer depuis 1993 et qui est particulie`rement sensible
au changement climatique du fait de la pre´sence de nombreuses ıˆles basses. Nous montrons
que cette variabilite´ re´gionale re´cente (17 dernie`res anne´es) n’est pas stable dans le temps
mais qu’elle est en fait la phase haute d’une fluctuation basse fre´quence (de pe´riode 25 a`
30 ans) lie´e au mode de variabilite´ ENSO. Avec les mode`les de climat du projet CMIP3,
nous montrons que ces fluctuations rele`vent essentiellement de la variabilite´ interne du
syste`me climatique : elles apparaissent de manie`re significative dans les simulations du
climat qui n’inte`grent pas les forc¸ages exte´rieurs. De plus, leur variabilite´ est si forte dans
la re´gion du Pacifique tropical que l’introduction des forc¸ages exte´rieurs d’origine naturelle
ou anthropique ne fait pas apparaitre de modification significative jusqu’a` aujourd’hui.
Nous en concluons que la forte variabilite´ re´gionale observe´e par l’altime´trie aujourd’hui
dans le Pacifique tropical est essentiellement d’origine naturelle (variabilite´ interne du
syste`me climatique) et que l’impact anthropique y est trop faible pour l’instant pour y eˆtre
de´tecte´. Ce re´sultat vient d’eˆtre confirme´ tre`s re´cemment dans la litterature.
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Chapitre 1
Les variations du niveau de la mer
des temps ge´ologiques a` nos jours
Dans ce chapitre, nous pre´sentons une synthe`se des connaissances actuelles sur les
variations du niveau de la mer des temps ge´ologiques a` nos jours. Cette synthe`se re´sume
les principaux re´sultats sur le sujet que l’on trouve dans la litte´rature. Nous insistons
plus particulie`rement sur les re´sultats lie´s a` la variabilite´ inter-annuelle a` multi-de´cennale
du niveau de la mer car c’est le the`me central de cette the`se. Ce chapitre ne pre´sente
pas de travaux de the`se, il fait office d’introduction et pose les questions scientifiques
actuellement ouvertes sur le sujet du niveau de la mer. Dans les chapitres suivants (2, 3 et
4), nous de´veloppons nos travaux de the`se et nous montrons les e´le´ments de re´ponse qu’ils
apportent a` ces questions.
1.1 Les variations du niveau de la mer dans le passe´
1.1.1 Aux e´chelles de temps ge´ologiques
Les variations du niveau de la mer re´sultent des variations du volume d’eau des oce´ans
et/ou des variations de la forme des bassins oce´aniques (qui s’accompagnent aussi de varia-
tions de l’e´quipotentielle de gravite´). Ces deux composantes font varier le niveau de la mer
a` des e´chelles de temps caracte´ristiques diffe´rentes et avec des amplitudes diffe´rentes (voir
Fig.1.1, et par exemple Pitman and Golovchenko [1983]; Miller et al. [2005]). Aux e´chelles
de temps ge´ologiques longues, de 107 a` 108 ans, ce sont les changements de forme des bassins
oce´aniques, sous l’effet des processus tectoniques (production de plancher oce´anique et col-
lision des continents) ou de la se´dimentation, qui dominent les variations du niveau de
la mer. A ces e´chelles de temps, les variations du niveau de la mer sont lentes (<0.01
mm.an-1), de forte amplitude (>100 m) et sont principalement cause´es par les variations
dans la production de plancher oce´anique (Rowley [2002]; Cogne´ and Humler [2004];Mu¨ller
et al. [2008]).
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Figure 1.1 – Les causes des variations du niveau de la mer aux diffe´rentes e´chelles de temps et
l’amplitude de leur impact sur les variations du niveau de la mer. Figure tire´e de Miller et al.
[2011].
En dessous de 106 ans, ce sont, au contraire, les variations du volume d’eau des oce´ans
qui dominent la variabilite´ du niveau de la mer (voir Fig. 1.1). En particulier pour des
temps caracte´ristiques compris entre 103 et 106 ans, le principal me´canisme responsable
des variations du niveau de la mer est la formation/disparition de calottes de glace conti-
nentales. A ces e´chelles de temps, elles sont responsables de variations rapides du niveau
de la mer (jusqu’a` 40 mm.an-1, Bard et al. [2010]; Deschamps et al. [2012]) avec de fortes
amplitudes (> 100 m) (e.g. Miller et al. [2005, 2011]; Rohling et al. [2009]).
Il existe 3 types de donne´es qui permettent de reconstruire les variations passe´es
du niveau de la mer sur la dernie`re centaine de millions d’anne´es : la datation des
re´cifs coraliens, les mesures de l’isotope O18 de l’oxyge`ne contenu dans les se´diments
marins, la stratigraphie se´quentielle. La datation pre´cise (a` l’uranium-thorium) des re´cifs
coraliens permet d’obtenir des enregistrements du niveau de la mer qui remontent sur
plusieurs centaines de milliers d’anne´es avec une pre´cision de ±5 m (e.g. Bard et al.
[1991]; Bard et al. [2010]). La mesure de l’ isotope O18 de l’oxyge`ne dans les se´diments
marins donne une estimation du volume des glaces continentales et donc des variations
de masse des oce´ans (Rohling et al. [2004, 2007]; Siddall et al. [2003, 2006]). En ef-
fet la glace emmagasine prefe´rentiellement l’isotope O16 de l’oxyge`ne qui est plus le´ger,
ainsi les formations/disparitions de calottes continentales se traduisent par des augmen-
tations/diminutions de la proportion en isotope O18 dans les se´diments marins. Par cette
technique, sont obtenues des mesures de variation du volume d’eau des oce´ans qui re-
montent a` -80 millions d’anne´es sous re´serve que les donne´es soient corrige´es des vari-
ations de tempe´rature de l’oce´an (voir la courbe rouge sur la Fig. 1.2 et Cramer et al.
[2009]). La stratigraphie se´quentielle quand a` elle, se fait essentiellement par analyse de
la re´flexion des ondes sismiques dans la crouˆte terrestre ou par carottage et permet de
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Figure 1.2 – Variations du niveau de la mer au New Jersey (USA) depuis 110 millions d’anne´es
estime´es par Miller et al. [2005] et Kominz et al. [2008]. Ces courbes donnent une estimation
du niveau de la mer global depuis 110 millions d’anne´es. En rouge est superpose´e la synthe`se
de l’oxyge`ne isotopique de Cramer et al. [2009]. (NHIS : Northern Hemisphere ice sheets. Ma :
Millions of years ago). Figure tire´e de Miller et al. [2011].
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de´terminer les de´poˆts se´dimentaires qui se produisent sur les marges continentales lors des
re´gressions/transgressions successives du niveau de la mer. Elle donne ainsi des informa-
tions sur les variations relatives du niveau de la mer qui remontent a` plusieurs centaines
de millions d’anne´es (e.g. Vail et al. [1977]; Haq and Al-Qahtani [2005]; Haq and Schutter
[2008]).
En combinant ces 3 types de donne´es, corrige´es des effets de charge et de compaction
des se´diments ainsi que de la thermo-isostasie de la crouˆte terrestre, la courbe des variations
du niveau de la mer global peut eˆtre reconstruite jusqu’a` -110 millions d’anne´es dans le
passe´ (voir Fig. 1.2 et Miller et al. [2005]; Kominz et al. [2008]; Cramer et al. [2009]). Sur la
Fig. 1.2 sont reproduites les courbes du niveau de la mer de Miller et al. [2005], de Kominz
et al. [2008] et la courbe des variations en isotope O18 de Cramer et al. [2009]. Les 2 courbes
de niveau de la mer de Miller et al. [2005] et de Kominz et al. [2008] sont globalement en
accord. Elles montrent une amplitude de ±100 m sur la pe´riode totale des 110 millions
d’anne´es et sont bien explique´es par les variations de masse de l’oce´an (voir la courbe de
Cramer et al. [2009] sur la Fig. 1.2). Au cours des 2.6 derniers millions d’anne´es, on peut
observer de fortes variations du niveau de la mer qui suivent les aˆges de glace du Plioce`ne
et du Pleistoce`ne. Elles sont duˆes a` la formation/disparition de larges calottes polaires dans
l’he´misphe`re Nord. Au cours des 780 000 dernie`res anne´es, ces formations/disparitions se
sont succe´de´es environ tous les 100 000 ans a` la fre´quence d’oscillation de l’excentricite´
de la Terre et ont provoque´ des fluctuations du niveau de la mer de ±100 m (Raymo
and Mitrovica [2012]). Auparavant (entre -780 000 ans et -2.6 millions d’anne´es) elles se
succe´daient avec une pe´riode de ∼41 000 ans, correspondant a` la pe´riode de pre´cession de
la Terre, et provoquaient des variations du niveau de la mer plus faibles de ±60 m (Lambeck
et al. [2002]; Rohling et al. [2009]; Dutton et al. [2009]).
1.1.2 Du dernier maximum glaciaire aux premie`res mesures
mare´graphiques
Lors du dernier maximum glaciaire, il y a environ 20 000 ans, le niveau de la mer global
se situait ∼130 m plus bas que le niveau actuel (Lambeck et al. [2002]). Puis la fonte des
calottes polaires de l’he´misphe`re Nord a provoque´ une augmentation du niveau de la mer
qui a dure´ plus de 10 000 ans, de -19 000 ans environ a` -6 000 ans, comme le montre la Fig.
1.3. L’histoire de cette de´glaciation est complexe (e.g. Peltier [2004]), et les indicateurs du
niveau de la mer de type ge´ologiques (e´rosion des falaises, ge´omorphologie des littoraux,
etc) ou biologiques (corail, micro-atols, etc) montrent des pe´riodes pendant lesquelles le
niveau global a acce´le´re´ et d’autres pe´riodes durant lesquelles il a de´ce´le´re´. Par exemple,
il y a ∼14 000 ans, le niveau de la mer a augmente´ rapidement a` un rythme pre´s de 40
mm.a-1 (Bard et al. [2010]; Deschamps et al. [2012]). Au de´but de l’Holoce`ne (il y a 11 000
ans), il a continue´ a` augmenter mais significativement plus lentement puis il s’est stabilise´
entre ∼-6 000 ans et ∼-2 000 ans (voir Fig.1.4 et Lambeck et al. [2010]).
Au cours des 2 000 dernie`res anne´es, le niveau de la mer global n’a pas connu de
larges fluctuations. La datation des micro-fossiles dans les marais maritimes (Gehrels et al.
[2006a,b]; Lambeck et al. [2010]; Leorri et al. [2010]; Kemp et al. [2011]), et l’analyse des
sites arche´ologiques (tels que les piscicultures romaines, Lambeck et al. [2004]) montrent
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Figure 1.3 – Variations du volume de glace global et du niveau de la mer e´quivalent, du dernier
maximum glaciaire a` aujourd’hui. La figure est base´e sur des donne´es de niveau de la mer en
diffe´rents endroits du globe, corrige´es de la re´ponse isostatique locale de la crouˆte terrestre a` la
de´glaciation. Figure mise a` jour sur la base de Lambeck et al. [2002] avec de nouvelles donne´es
concernant le plateau continental de Sunda (Hanebuth et al. [2009]).
Figure 1.4 – Estimation des variations du niveau de la mer global entre -6000 ans et aujourd’hui
a` partir des donne´es ge´ologiques, arche´ologiques et mare´graphiques (pour le XXe`me sie`cle). Figure
tire´e de Lambeck et al. [2010].
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que le niveau de la mer n’a pas augmente´ de plus de 0.5-0.7 mm.a-1 au cours des 2 derniers
mille´naires (voir aussiMiller et al. [2009]). La Fig. 1.5 (de Kemp et al. [2011]) qui montre le
niveau de la mer des 2 000 dernie`res anne´es sur la coˆte Est des Etats Unis, estime´ a` partir
des micro-fossiles de marais maritimes, illustre bien ce fait. Selon cette e´tude, le niveau
de la mer e´tait plus haut de quelques de´cime`tres durant l’optimum me´die´val (du XIIe`me
au XIVe`me sie`cle) et plus bas d’un de´cime`tre durant le petit aˆge glaciaire (du XVIe`me au
XVIIIe`me sie`cle). Mais les tendances du niveau global sont reste´es faibles jusqu’au de´but de
l’e`re industrielle (au milieu du XIXe`mesie`cle). A partir de cette e´poque, jusqu’a` aujourd’hui,
le niveau de la mer est marque´ par une forte tendance positive (Gehrels et al. [2005, 2006a];
Jevrejeva et al. [2008];Kemp et al. [2011];Woodworth et al. [2011]). C’est a` cette e´poque que
commencent les mesures du niveau de la mer a` l’aide d’instruments tels que les mare´graphes
puis plus tard, a` partir des anne´es 1990, avec les satellites altime´triques.
Figure 1.5 – Variations du niveau de la mer en Caroline du Nord au cours des 2 000 dernie`res
anne´es estime´es a` partir de l’analyse des micro-fossiles des marais maritimes. Figure tire´e de
Kemp et al. [2011].
10
1.2 Les variations du niveau de la mer depuis qu’il est mesure´
1.2 Les variations du niveau de la mer depuis qu’il est
mesure´
1.2.1 Les mare´graphes
Les premiers mare´graphes furent installe´s dans les ports Europe´ens au XVIIIe`me sie`cle
pour mesurer le marnage a` leur entre´e et faciliter l’acce`s des navires (Mitchum et al.
[2010]). Jusque vers 1850, c’est essentiellement dans le Nord-Ouest de l’Europe que l’on
trouve des enregistrements mare´graphiques. Le mare´graphe de Stockholm (Sue`de) de´livre
un enregistrement continu depuis 1774 (Ekman [1999]), celui de Liverpool (Angleterre)
depuis 1768, celui de Brest (France) depuis 1807 (Woppelmann et al. [2006, 2008]) et celui
de Swinoujscie (Pologne) depuis 1811. D’autres enregistrements remontant au XVIIIe`me
sie`cle se sont arreˆte´s depuis. Le mare´graphe d’Amsterdam donne un enregistrement de
1700 a` 1925 et celui de Kronstadt de 1773 a` 1993.
Figure 1.6 – Re´partition ge´ographique et longueur des enregistrements mare´graphiques collecte´s
par le Permanent Service for Mean Sea Level (Woodworth and Player [2003]). Figure adapte´e de
Mitchum et al. [2010].
Au cours du XIXe`me sie`cle, le re´seau mare´graphique s’est progressivement densifie´ et
en particulier, le niveau de la mer commence a` eˆtre mesure´ dans l’he´misphe`re Sud (voir
Fig. 1.6). Il existe a` Port Arthur en Tasmanie (Australie) un enregistrement qui remonte a`
1841 (Hunter et al. [2003]). A Fremantle (Australie) un enregistrement continu remonte a`
1897 tandis que celui de Sydney (Australie), continu lui aussi, remonte a` 1886. Malgre´
cette densification, le nombre d’enregistrements pre´sentant plus de 60 ans de donne´es
reste petit et leur re´partition ge´ographique est fortement biaise´e vers l’he´misphe`re Nord
(voir Fig. 1.6). De plus, la majorite´ des enregistrements mare´graphiques pre´sente des trous
de mesures de plusieurs anne´es voire dizaines d’anne´es et ils sont souvent pollue´s par
des discontinuite´s lie´es a` la maintenance du mate´riel. Combine´s, ces deux facteurs font
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que tre`s peu de mare´graphes sont utilisables pour des e´tudes du niveau de la mer aux
e´chelles climatiques et ils sont ine´galement re´partis sur le globe. De´duire de ces donne´es
des estimations des variations historiques du niveau de la mer n’est donc pas simple. C’est
un proble`me scientifique qui a fait l’objet de nombreuses publications au cours des dernie`res
de´cennies (e.g. Douglas et al. [2001]) et qui est encore tre`s activement e´tudie´ aujourd’hui
(Mitchum et al. [2010]).
Les mare´graphes fournissent une mesure du niveau de la mer relative au sol sur lequel ils
sont fixe´s. Dans leurs mesures ils n’enregistrent donc pas seulement les variations du niveau
de la mer mais aussi celles du sol. Or, en ge´ne´ral, le niveau du sol varie. Sur l’ensemble du
globe par exemple, le rebond post-glaciaire qui est la re´ponse visco-e´lastique de la crouˆte
terrestre a` la dernie`re de´glaciation (appele´ Glacial Isostatique Adjustment -GIA- en anglais)
ge´ne`re des mouvements verticaux de la crouˆte terrestre de 0.1-10 mm.a-1 (Peltier [2004];
Lambeck et al. [2010]; Tamisiea and Mitrovica [2011]). Localement, dans de nombreuses
re´gions du monde, le sol s’affaisse pour des raisons naturelles (e.g. dans les deltas des grands
fleuves, le sol s’affaisse sous la charge des se´diments fluviaux) ou du fait des activite´s
humaines telles que le pompage de l’eau et des hydrocarbures (suite au pompage, les
se´diments se compactent et le sol s’affaisse, voir Syvitski et al. [2009]). Dans les re´gions
d’activite´ tectonique ou volcanique le niveau du sol varie aussi : il suit les mouvements
locaux de la crouˆte terrestre soumise aux forces internes de la Terre (Kontogianni et al.
[2002]; Meltzner et al. [2006]; Shaw et al. [2008]). Ces mouvements sont importants a`
prendre en compte lorsqu’on cherche a` estimer localement les variations du niveau de la
mer relatif total. Il faut savoir aussi les estimer et les se´parer lorsque l’on cherche a` calculer
les variations historiques du niveau de la mer en relation avec le climat. Ceci ajoute a` la
complexite´ des mesures mare´graphiques.
Pour contourner cette complexite´, plusieurs strate´gies ont e´te´ de´veloppe´es afin de
de´duire des mesures mare´graphiques une courbe historique du niveau de la mer global ”ab-
solu”. Une premie`re strate´gie a consiste´ a` selectionner un tre`s petit nombre de mare´graphes
(quelques dizaines) situe´s dans des re´gions tectoniquement stables et pour lesquels on dis-
posait de plus de 60 ans d’enregistrement de bonne qualite´ (i.e. sans discontinuite´s, ni
trous). Les auteurs qui ont suivi cette strate´gie ont ensuite corrige´ les mare´graphes du GIA
seulement, et ont de´duit le niveau global de la mer par moyennation des enregistrements
mare´graphiques (Douglas [1991]; Douglas et al. [2001]; Gornitz and Lebedeff [1987]; Peltier
et al. [2001]; Holgate [2007]). D’autres auteurs, au contraire, ont cherche´ a` utiliser un jeu
de mare´graphes plus grand avec des enregistrements provenant de nombreuses re´gions et
couvrant des pe´riodes diffe´rentes. Pour compenser l’he´te´roge´ne´ite´ de leur jeu de donne´es, ils
ont propose´ des me´thodes de moyennation plus complexes pour en de´duire le niveau global.
Par exemple Jevrejeva et al. [2006, 2008] utilise un crite`re de cohe´rence re´gionale entre les
enregistrements mare´graphiques d’une meˆme zone afin d’e´liminer, avant moyennation, les
enregistrements suspects (enregistrements affecte´s par exemple par des mouvements verti-
caux de la crouˆte importants ou encore affecte´s par des sauts inexplique´s et absents dans les
mare´graphes voisins). Church et al. [2004]; Church and White [2006, 2011] ont de´veloppe´
quand a` eux une me´thode de reconstruction du niveau global dans laquelle la moyennation
des mare´graphes est ponde´re´e par les modes principaux de variabilite´ de l’oce´an de´duits de
l’altime´trie spatiale (voir section 2.2.2). Les deux strate´gies donnent des re´sultats diffe´rents
(voir Fig. 1.7). Ne´anmoins, malgre´ leurs diffe´rences, elles convergent vers des estimations
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similaires de la tendance du niveau de la mer a` 1.7 ± 0.3 mm.a-1 sur la pe´riode 1950-2000
et sur le XXe`me sie`cle.
Figure 1.7 – Courbes du niveau de la mer global a` partir des donne´es mare´graphiques depuis
1870, adapte´es de Woodworth et al. [2009]. La courbe rouge est la courbe reconstruite de Church
and White [2006]. Les autres courbes (en noir) sont de a) Holgate [2007], b) Gornitz and Lebedeff
[1987] et c) Jevrejeva et al. [2006].
Les e´tudes des enregistrements mare´graphiques ont aussi montre´ qu’il y avait eu une
acce´le´ration de la hausse du niveau de la mer entre le XIXe`me et le XXe`me sie`cle. Cette ac-
cele´ration e´tait de´ja` visible dans les donne´es issues de l’analyse des marais maritimes (voir
section 1.1.2). Elle a e´te´ mise en e´vidence dans l’analyse, un a` un, des enregistrements
mare´graphiques les plus longs d’Europe (Douglas [1992]; Gornitz and Solow [1991]; Wood-
worth [1999]). Dans l’analyse du niveau global de la mer, Church and White [2006] trouvent
aussi une acce´le´ration significative de la hausse du niveau de la mer a` 0.013 ± 0.006 mm.a-2
sur la pe´riode 1870-2001. De meˆme, Jevrejeva et al. [2006] avec une me´thode alternative qui
se´pare les fluctuations a` 2-30 ans des tendances long-terme dans le niveau de la mer, trouve
une acce´le´ration du niveau de la mer, mais qui pourrait avoir commence´ plus toˆt, vers 1800
(Jevrejeva et al. [2008]) . Outre cette acce´le´ration, ces diffe´rentes e´tudes ont toutes mis
en e´vidence des variations de´cennales des tendances du niveau de la mer globale avec des
pe´riodes durant lesquelles la monte´e du niveau de la mer s’acce´le`re (e.g. apre`s 1930) et des
pe´riodes durant lesquelles elle de´ce´le`re (e.g. dans les anne´es 1960). Ne´anmoins certaines de
ces variations pourraient eˆtre duˆes a` la faible couverture spatiale des mare´graphes (Merri-
field et al. [2009]).
Une limitation importante de toutes les e´tudes cite´es pre´ce´demment, est que, faute de
donne´es, elles ne corrigent pas les enregistrements mare´graphiques de tous les mouvements
verticaux du sol qui les affectent. En effet, elles ne prennent en compte que le GIA (dont on
a une estimation globale graˆce aux mode`les). Cependant, depuis quelques anne´es, l’instal-
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lation de balises GPS (Global Positionning System) sur des sites mare´graphiques a permis
d’obtenir une mesure directe des mouvements du sol a` la base de ces mare´graphes. Cette ap-
proche a e´te´ utilise´e par Woppelmann et al. [2007, 2009]. Meˆme si les enregistrements GPS
sont encore courts (de 10 a` 15 ans environ), il est ge´ne´ralement admis qu’ils permettent
de´ja` de de´terminer les tendances long-terme affectant le mouvement des sols localement
(Woppelmann et al. [2007]). En appliquant les corrections du mouvement des sols observe´,
Woppelmann et al. [2009] obtient une tendance du niveau de la mer de 1.61 ± 0.19 mm.a-1
sur le XXe`me sie`cle. Ceci confirme les re´sultats obtenus par les e´tudes pre´ce´dentes.
1.2.2 L’altime´trie spatiale
Depuis le milieu des anne´es 1970, le niveau de la mer est mesure´ par des satellites
altime´triques. Les premiers altime`tres satellites (GEOS3, SEASAT et GEOSAT) ne dis-
posaient pas d’une pre´cision suffisante pour e´tudier les variations du niveau de la mer.
Ils ont servi principalement a` l’e´tude du ge´o¨ıde marin et des fonds oce´aniques (Cazenave
and Royer [2001]). A partir d’octobre 1992 en revanche, une ame´lioration conside´rable
de l’estimation des orbites et des techniques de mesure embarque´e a permis la cre´ation
d’une nouvelle ge´ne´ration de satellites altime´triques qualifie´s de ”haute pre´cision” qui ont
permis l’e´tude des variations du niveau marin aux e´chelles mensuelles a` multi-de´cennales
(dont l’amplitude est de l’ordre de 10 cm, voir Fig. 1.8). C’est la se´rie de Topex-Pose´idon,
Jason-1/2, ERS-1/2 et Envisat (Chelton [2001]; Fu and Cazenave [2001]).
Figure 1.8 – L’e´volution de la pre´cision des satellites altime´triques de 1975 a` 2000. Source :
CNES/AVISO.
La mesure altime´trique par satellite se de´roule de la manie`re suivante (voir Fig. 1.9) :
le radar altime`tre, a` bord du satellite, e´met un signal micro-onde radar en direction de la
surface de la mer qui refle`te une partie de cette onde vers le satellite. La mesure du trajet
aller-retour de l’onde permet le calcul de la distance du satellite a` la surface instantane´e de
la mer. La hauteur locale de la mer est de´duite ensuite de la diffe´rence entre la distance du
satellite au centre de masse de la Terre (calcule´e par orbitographie pre´cise) avec la distance
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du satellite a` la surface instantane´e de la mer (calcule´e avec la mesure du radar altime`tre).
Dans le cas des satellites altime´triques de haute pre´cision, l’orbitographie pre´cise donne
une mesure tre`s fine de la distance du satellite au centre de masse de la Terre graˆce aux
instruments GPS et DORIS (Doppler Orbitography and Radiopositioning Integrated by
Satellite) embarque´s a` bord.
Figure 1.9 – Principe de la mesure par satellite altime´trique. Source : CNES/AVISO.
La mesure de hauteur de mer doit eˆtre corrige´e de diffe´rents retards dans le trajet
de l’onde radar, duˆs a` la traverse´e de la troposphe`re et de l’ionosphe`re. Elle doit aussi
eˆtre corrige´e de biais entre la surface moyenne apparente de la mer observe´e par reflection
e´lectromagne´tique de l’onde radar et la surface moyenne de la mer re´elle, a` l’interface air-
mer (en effet la pre´sence de vagues a` la surface de la mer introduit un biais dans la surface
moyenne de la mer observe´e car les creux des vagues participent plus a` la reflection nadir
de l’onde radar que leurs creˆtes ; l’e´cho radar retour est alors, en proportion, compose´ de
plus de signal venant des creux des vagues que de leur creˆtes ce qui fait apparaitre, apre`s
moyennation, une surface de mer anormalement basse). D’autres corrections duˆes a` des
effets ge´ophysiques tels que les mare´es de la Terre solide, les mare´es polaires ou oce´aniques
sont aussi applique´es.
Les satellites altime´triques couvrent l’ensemble du globe en quelques jours appele´s cycle
orbital (le cycle orbital est de 10 jours pour la se´rie Topex-Pose´idon, Jason-1 et Jason-2,
voir Fig. 1.10, et il est de 35 jours pour ERS-1/2 et Envisat). La moyennation spatiale
de toutes les mesures locales de hauteur de mer au cours d’un cycle orbital donne une
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mesure du niveau de la mer global. En compilant les mesures des cycles orbitaux successifs
on obtient une courbe du niveau global de la mer au cours du temps. Comme le satellite
survole les meˆme points ge´ographiques d’un cycle orbital a` l’autre, il est aussi possible de
construire pour chaque point ge´ographique survole´, une courbe temporelle du niveau de la
mer local et donc de de´duire globalement la variabilite´ re´gionale du niveau de la mer.
Figure 1.10 – Couverture ge´ographique des satellites Topex-Pose´idon, Jason-1 et Jason-2 au
cours d’un cycle orbital de 10 jours. Source : CNES/AVISO.
La pre´cision de la mesure de hauteur de mer par la se´rie de satellites Topex-Pose´idon,
Jason-1 et Jason-2 atteint aujourd’hui les 1-2 cm (e.g. Ablain et al. [2009]; Nerem et al.
[2010]; Beckley et al. [2010]; Mitchum et al. [2010]). Moyenne´es spatialement, ces mesures
donnent une tendance du niveau global de la mer pre´cise a` environ 0.5-0.6 mm.a-1. Cette
barre d’erreur est estime´e par analyse du bilan d’erreur total de la chaˆıne de mesure al-
time´trique et elle est confirme´e par comparaison avec les mesures mare´graphiques (Ablain
et al. [2009]). Elle est le fruit d’une analyse et d’un controˆle rigoureux mene´s depuis 18
ans pour corriger les de´rives instrumentales des satellites car celles-ci se traduisent dans la
mesure altime´trique par des de´rives sur les corrections applique´es qui biaisent la tendance
du niveau de la mer global.
La Fig. 1.11 pre´sente le niveau de la mer global mesure´ par les satellites altime´triques
superpose´ sur la courbe du niveau de la mer global au cours du XXe`me sie`cle reconstruite
par Church and White [2011] a` partir des enregistrements mare´graphiques. La courbe
altime´trique pre´sente une augmentation du niveau de la mer quasiment line´aire sur toute
la pe´riode 1993-2011 sauf autour de l’e´ve`nement El Nin˜o de 1997/1998 et des e´ve`nements
La Nin˜a de 2007/2008 et 2010/2011. Sur cette pe´riode de 18 ans (1993-2011), la tendance
du niveau de la mer global mesure´ par altime´trie s’e´le`ve a` 3.2 ± 0.5 mm.a-1 (e.g. Cazenave
and Llovel [2010]; Nerem et al. [2010]; Mitchum et al. [2010]). Cette valeur de la tendance
est corrige´e de l’impact du GIA sur le niveau global de la mer qui s’e´le`ve a` -0.3 mm.a-1 (voir
section 1.3.3). Les deux courbes de niveau global de la mer de´duites des mare´graphes et de
l’altime´trie diffe`rent en variabilite´ inter-annuelle (voir Fig. 1.11). Cependant en tendance,
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sur ces e´chelles de temps de 10 ans et plus, elles sont en accord (Prandi et al. [2009];
Ablain et al. [2009]). Les diffe´rences observe´es dans la variabilite´ inter-annuelle pourraient
s’expliquer par l’e´chantillonnage spatial he´te´roge`ne des mare´graphes (Prandi et al. [2009]).
Enfin, il est inte´ressant de noter que sur les 18 dernie`res anne´es, la tendance du niveau
de la mer global est significativement supe´rieure a` la tendance de 1.7 mm.a-1 donne´e par
les mare´graphes sur les pe´riodes 1950-2000 et 1900-2000. Ceci sugge`re une acce´le´ration du
niveau de la mer global (Merrifield et al. [2009]) a` conside´rer cependant avec pre´caution
e´tant donne´ la variabilite´ de´cennale que l’on peut trouver dans les tendances du niveau de
la mer (voir section 1.2.1).
Figure 1.11 – Courbes du niveau de la mer global. En noire est reproduite la courbe
reconstruite par Church and White [2011] a` partir des mare´graphes (voir section 1.2.1).
La re´gion grise´e indique la barre d’erreur a` 1σ de la courbe noire. Dans l’encart, la
courbe rouge donne le niveau de la mer global calcule´ a` partir des donne´es altime´triques
de 1993 a` 2011. Les points bleus indiquent les donne´es de chaque cycle orbital. La
courbe rouge est une moyennation a` 3 mois de ces donne´es. (Les donne´es ont e´te´
obtenues du site AVISO : http ://www.aviso.oceanobs.com/en/data/products/sea-surface-height-
products/global/msla/index.html). Figure adapte´e de Meyssignac et al. [2012].
La couverture quasi-globale des satellites altime´triques permet de calculer des cartes
de la variabilite´ re´gionale du niveau de la mer et de ses tendances. Ceci a re´ve´le´ que
l’augmentation du niveau de la mer e´tait loin d’eˆtre uniforme. Dans certaines re´gions
(comme a` l’Ouest de l’oce´an Pacifique) le niveau de la mer augmente 3 a` 4 fois plus vite
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Figure 1.12 – a) Tendances du niveau de la mer calcule´es a` partir des donne´es altime´triques sur
la pe´riode 1993-2011. b) Meˆme figure que a) sauf que la tendance du niveau global de la mer de
3.2 mm.a-1 a e´te´ retire´e. Figure adapte´e de Meyssignac and Cazenave [2012].
que la moyenne globale depuis deux de´cennies. Dans d’autres re´gions, au contraire, les
tendances du niveau de la mer sont plus faibles que celle de la moyenne globale. Elles
peuvent meˆme eˆtre le´ge`rement ne´gatives a` certains endroits (e.g. dans l’est de l’oce´an
Pacifique). La Fig. 1.12a montre les tendances du niveau de la mer calcule´es a` partir
des donne´es altime´triques sur la pe´riode 1993-2011. Lorsqu’on soustrait aux tendances
re´gionales, la tendance du niveau global de la mer (3.2 mm.a-1), la forte variabilite´ re´gionale
du niveau de la mer devient encore plus e´vidente : voir la Fig. 1.12b. Dans des re´gions telles
qu’a` l’Ouest et au Nord du Pacifique, le Sud de l’oce´an Indien ou encore l’oce´an Atlantique
juste au Sud du Groenland, la variabilite´ re´gionale est si forte qu’elle y domine, en fait,
le signal total de niveau de la mer sur la courte pe´riode 1993-2011. Il apparaˆıt ainsi clair,
depuis l’altime´trie spatiale, que dans l’estimation du niveau de la mer local, la contribution
de la variabilite´ re´gionale est essentielle. Ceci est en particulier vrai pour toutes les e´tudes
sur les impacts de la hausse du niveau de la mer.
18
1.3 Les causes des variations du niveau de la mer (e´chelle inter-annuelle a` multi-de´cennale ;
global et re´gional).
1.3 Les causes des variations du niveau de la mer
(e´chelle inter-annuelle a` multi-de´cennale ; global
et re´gional).
Les deux principales causes des variations du niveau de la mer aux e´chelles inter-
annuelles a` multi-de´cennales sont l’expansion thermique de l’oce´an et l’apport d’eau douce
des continents aux bassins oce´aniques. L’expansion thermique moyenne globale est une
conse´quence du re´chauffement de l’oce´an tandis que l’apport d’eau douce est le re´sultat
de la fonte des glaces continentales (i.e. fonte des glaciers de montagne et perte de masse
des calottes polaires) et des e´changes d’eau avec les bassins fluviaux. D’autres facteurs, lie´s
par exemple aux de´formations des bassins oce´aniques suite a` la fonte des glaces actuelles
et passe´es (dernier maximum glaciaire), jouent aussi un roˆle, mais il est secondaire. Les
tendances re´centes des contributions de l’expansion thermique et de la fonte des glaces ont
pour cause, essentiellement, le changement climatique global induit par les e´missions an-
thropiques de gaz a` effet de serre. Cependant, la variabilite´ inter-annuelle a` multi-de´cennale
reste tre`s influence´e par la variabilite´ interne du syste`me climatique et les forc¸ages naturels
(variabilite´ solaire et volcanique).
1.3.1 L’expansion thermique des oce´ans et les variations de
salinite´
a - L’expansion thermique des oce´ans
Les anomalies de tempe´rature et de salinite´ dans l’oce´an changent la densite´ des
colonnes d’eau et donc leur hauteur. Ceci donne lieu a` des variations du niveau de la mer
que l’on qualifie de ”ste´riques” (”thermoste´rique” quand il s’agit de variations duˆes aux
anomalies de tempe´rature uniquement et ”haloste´rique” si elles sont duˆes aux anomalies
de salinite´ uniquement).
Les mesures hydrographiques de tempe´rature et de salinite´, collecte´es par les navires
marchands et les campagnes oce´anographiques depuis le milieu du XXe`me sie`cle, ont montre´
que, globalement, l’oce´an se re´chauffe (+0.0017˚ C.a-1 entre 0 et 700m de profondeur et
>+0.01˚ C.a-1 entre 0 et 75m de profondeur en moyenne sur la pe´riode 1967-2010 d’apre`s les
donne´es de Levitus et al. [2009]). Depuis la fin des anne´es 1960, la tempe´rature de l’oce´an a
e´te´ essentiellement mesure´e par des bathythermographes jetables (expendable bathyther-
mographs -XBT- en anglais) le long des routes des navires marchands. A ces mesures
s’ajoutent les mesures par bathythermographes me´caniques (MBT) et les syste`mes Con-
ductivite´-Tempe´rature-Profondeur (Conductivity-Temperature-Depth -CTD- en anglais)
(Levitus [1994]; Boyer et al. [2009]; Levitus et al. [2009]). Depuis le de´but des anne´es 2000,
un programme international de boue´es profilantes, Argo (voir http ://www.argo.ucsd.edu,
Roemmich et al. [2009]), a e´te´ mis en place progressivement. Depuis la fin du de´ploiement
en 2005, il fournit des mesures de tempe´rature et de salinite´ jusqu’a` 2000 m de pro-
fondeur avec une re´pe´titivite´ de l’ordre de 10 jours et une couverture globale de 3˚ x3˚ .
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L’ensemble des donne´es in-situ, historiques et actuelles, est maintenu et mis a` jour dans
plusieurs bases de donne´es : le World Ocean Database (WOD, Boyer et al. [2009]), Coriolis
(http ://www.coriolis.eu.org/), USGODAE (http ://www.usgodae.org/argo/argo.html)...
Les donne´es historiques pre´sentent deux proble`mes majeurs. D’une part, les donne´es
XBT ont un biais syste´matique qui vient de l’incertitude sur la profondeur a` laquelle ont
e´te´ prises les mesures de tempe´rature. Cette incertitude vient du fait que les instruments
XBT ne mesurent pas la profondeur lors de leur trajet vers le fond. Elle est en fait de´duite
de l’e´quation de la trajectoire du XBT et du temps e´coule´ depuis son entre´e dans l’eau.
Meˆme avec des e´quations de trajectoire calibre´es (Hanawa et al. [1995]), il reste des bi-
ais syste´matiques dans l’estimation de la profondeur (Gouretski and Koltermann [2007]).
D’autre part les donne´es historiques de tempe´rature ont une faible couverture ge´ographique
et descendent en ge´ne´ral peu profond (∼700 m). De plus cette couverture spatiale se
de´grade quand on remonte dans le temps. Il est difficile de reme´dier a` ce proble`me. Une
solution consiste a` utiliser des Mode`les de Circulation Ge´ne´rale Oce´anique -OGCM- qui
assimilent les donne´es aux dates et lieux ou` elles sont disponibles et comblent l’absence
de mesure dans les autres re´gions sur la base des e´quations de Navier - Stokes (voir sec-
tion 2.2.1). Les estimations de l’expansion thermique sont donc biaise´es par le manque
de donne´es dans certaines re´gions telles que l’he´misphe`re Sud par exemple (Levitus et al.
[2005]; Antonov et al. [2005]).
Malgre´ ces limitations, plusieurs e´quipes ont propose´ une estimation des tempe´ratures
de l’oce´an a` l’e´chelle du globe ces dernie`res anne´es : Domingues et al. [2008]; Guinehut et al.
[2004]; Ishii et al. [2006]; Ishii and Kimoto [2009]; Levitus et al. [2005, 2009, 2012]; Willis
et al. [2004]. Les e´tudes re´centes prennent en comptent les corrections de biais systematique
des XBT et MBT. Ce sont celles que nous re´sumons ici : Domingues et al. [2008]; Ishii and
Kimoto [2009]; Levitus et al. [2009]. Compare´es aux e´tudes ante´rieures, les nouvelles anal-
yses montrent une variabilite´ inter-annuelle et multi-de´cennale de l’expansion thermique
significativement diffe´rente (voir la Fig. 1.13), en particulier dans les anne´es 1970. Sur la
pe´riode 1955-2000, on observe une tendance positive dans l’expansion thermique de 0.4 ±
0.01 mm.a-1 pour Levitus et al. [2009, 2012] et 0.3 ± 0.01 mm.a-1 pour Ishii and Kimoto
[2009]. Domingues et al. [2008] estiment quand a` eux, une tendance de 0.5 ± 0.08 mm.a-1
sur la pe´riode 1961-2003.
Sur la pe´riode 1955-2000, l’expansion thermique des 700 premiers me`tres de l’oce´an
explique donc ∼25% de la tendance a` 1.7 mm.a-1 du niveau de la mer. Pour l’oce´an profond,
les estimations entre 1955 et 2000 sont moins fiables du fait du manque de donne´es en
particulier dans les anne´es 1950 et 1960. Entre 700 et 3000 m, la moyenne globale de
l’expansion thermique de l’oce´an est estime´e par corre´lation avec l’expansion thermique
des couches supe´rieures (0-700m). La corre´lation est calibre´e sur la pe´riode re´cente pour
laquelle les donne´es en profondeur sont plus nombreuses, puis elle est e´tendue au passe´
pour couvrir la pe´riode durant laquelle les donne´es profondes sont moins nombreuses.
A partir des donne´es de Levitus et al. [2009] et Ishii and Kimoto [2009] sur la pe´riode
1955-2000, ceci donne une contribution respective de 0.07 ± 0.1 mm.a-1 et 0.05 ± 0.1
mm.a-1 au niveau de la mer. En dessous de 3000 m, les donne´es sont encore plus rares
si bien que Levitus et al. [2009] et Ishii and Kimoto [2009] ne donnent pas d’estimation
du re´chauffement a` ces profondeurs. Les seules mesures dont on dispose viennent soit des
campagnes oce´anographiques re´gulie`res le long de transects de re´fe´rence, re´alise´es depuis 2 a`
20
1.3 Les causes des variations du niveau de la mer
Figure 1.13 – Estimations du niveau de la mer thermoste´rique global pour la couche supe´rieure
de l’oce´an (0-700m). Les courbes en pointille´ donnent des estimations qui ne tiennent pas compte
de la correction des biais syste´matiques des XBT et MBT : la courbe rouge est tire´e de Levitus
et al. [2005] et la courbe bleue de Ishii et al. [2006]. En trait plein sont les courbes e´quivalentes
tenant compte de cette correction : la courbe rouge est tire´e de Levitus et al. [2009], la courbe
bleue de Ishii and Kimoto [2009] et la courbe marron de Domingues et al. [2008]. La re´gion
ombre´e donne la barre d’erreur a` 1σ de la courbe de Domingues et al. [2008]. Figure adapte´e de
Church et al. [2010]
3 de´cennies (Johnson [2008]), soit de quelques stations hydrographiques fixes (e.g. stations
BATS dans les Bermudes ou HOT dans le Pacifique, Aucan and Llovel [in revision]). Purkey
and Johnson [2010] ont montre´ a` partir de ces mesures que l’oce´an abyssal (en dessous de
3000m) s’est re´chauffe´ au cours des dernie`res de´cennies avec un signal plus fort a` mesure
que l’on se rapproche de l’Antarctique. Ils estiment que depuis les anne´es 1980 ceci a
contribue´ a` une augmentation du niveau de la mer de 0.09 ± 0.06 mm.a-1. Tre`s peu de
mesures remontent au dela` de 1980, Il est donc difficile de dire si cette tendance est valable
sur une pe´riode plus longue comme 1955-2000. Etant donne´ ces incertitudes, si l’on ajoute
maintenant a` l’expansion thermique des 700 premiers me`tres de l’oce´an, la contribution de
l’oce´an profond sur les dernie`res de´cennies, le re´chauffement de l’oce´an explique ∼0.6 ±
0.1 mm.a-1 soit 30% a` 40% de l’augmentation du niveau de la mer (voir aussi Church et al.
[2011]).
Sur la pe´riode 1993-2010, l’expansion thermique globale des couches supe´rieures de
l’oce´an (0-700m) a connu deux phases. De 1993 a` 2003, elle a e´te´ en forte augmentation
(voir Fig. 1.14 et Lyman et al. [2010]; Levitus et al. [2009]; Ishii and Kimoto [2009]) tandis
qu’a` partir de 2003 l’augmentation s’est affaiblie (voir Fig. 1.14 et Lyman et al. [2010];
Llovel et al. [2010b]; von Schuckmann and Le Traon [2011]). Au total, entre 1993 et 2010,
l’expansion thermique de l’oce´an duˆe au re´chauffement est estime´e a` 0.8 ± 0.3 mm.a-1
d’apre`s les donne´es de Ishii and Kimoto [2009] et 0.9 ± 0.3 mm.a-1 d’apre`s les donne´es de
Levitus et al. [2009]. Ceci est confirme´ par Church et al. [2011] qui estiment l’expansion
thermique des couches supe´rieures de l’oce´an entre 1993 et 2008, a` 0.71 ± 0.31 mm.a-1 pour
les 700 premiers me`tres de l’oce´an et a` 0.17 ± 0.16 mm.a-1 pour les couches profondes.
Ces valeurs de l’expansion thermique des couches supe´rieures de l’oce´an (0-700m) sont
plus petites que les 1.6 mm.a-1 donne´s par le 4e`me rapport du Groupement International
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des Experts sur l’e´volution du Climat -GIEC- sur la pe´riode 1993-2003. Ceci est duˆ au
ralentissement de l’expansion thermique observe´ depuis 2003. Au total, le re´chauffement
des couches supe´rieures de l’oce´an (0-700m) repre´sente ∼25% de l’augmentation du niveau
de la mer depuis 1993 (Cazenave and Llovel [2010]; Cazenave and Remy [2011]; Church
et al. [2011]).
Figure 1.14 – Niveau de la mer global observe´ par altime´trie de 1993 a` 2010 (courbe bleue).
Expansion thermique de l’oce´an (courbe rouge) de´duite de la moyenne des courbes de Levitus
et al. [2009] et Ishii and Kimoto [2009]. Figure adapte´e de Meyssignac and Cazenave [2012].
Ce ralentissement de l’expansion thermique global depuis 2003 a e´te´ de´tecte´ et estime´
par plusieurs e´quipes a` partir des donne´es Argo dont la couverture est devenue quasi-globale
en 2004. Willis et al. [2008] ont calcule´ que sur la pe´riode mi-2003 a` mi-2007 l’expansion
thermique avait diminue´, contribuant pour -0.5 ± 0.5 mm.a-1 tandis que Cazenave et al.
[2009]; Leuliette and Miller [2009] ont trouve´ que sur la pe´riode 2004-2007 elle avait aug-
mente´ (moins vite que par le passe´) au rythme de 0.4 ± 0.1 mm.a-1 et 0.8 ± 0.8 mm.a-1
respectivement. von Schuckmann and Le Traon [2011] trouvent aussi que l’expansion ther-
mique globale augmente entre 2005 et 2010 a` la vitesse de 0.75 ± 0.15 mm.a-1. Ces valeurs
diffe`rent beaucoup entre elles. Meˆme si l’on e´carte la valeur de Willis et al. [2008] qui
pre´sente probablement un biais froid du fait d’une couverture spatiale encore trop e´parse
des boue´es Argo en 2003, la dispersion entre les diffe´rentes estimations reste grande (Llovel
et al. [2010b]; Lyman et al. [2010]). Cependant, malgre´ ces e´carts, toutes ces e´tudes s’ac-
cordent pour montrer que le ralentissement de l’expansion thermique globale est significatif
depuis 2003. Llovel et al. [2011b] ont pu localiser l’origine du ralentissement : ils ont montre´
que ce ralentissement e´tait duˆ a` un refroidissement de l’oce´an Atlantique depuis 2003 tandis
que les autres re´gions du globe continuaient a` se re´chauffer (voir une description de´taille´e
de cette e´tude a` laquelle j’ai participe´, dans la section 2.1.1). De tels ralentissement de l’ex-
pansion thermique globale ont de´ja` e´te´ observe´s par le passe´ sur des pe´riodes de quelques
anne´es voire d’une dizaine anne´es (voir Fig. 1.13). De meˆme, l’oce´an Atlantique a connu
des refroidissements sur plusieurs anne´es aussi dans le passe´ comme entre 1959 et 1967
par exemple (voir la figure S11 des annexes de Levitus et al. [2009]). Il est donc probable
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que ce ralentissement refle`te un effet de la variabilite´ court-terme du climat plutoˆt qu’une
tendance a` long terme (Cazenave and Llovel [2010]).
L’expansion thermique des oce´ans n’a pas seulement un impact sur la hausse globale
du niveau de la mer, elle a aussi un impact sur sa variabilite´ re´gionale. En effet l’expansion
thermique n’est pas uniforme (voir Fig. 1.15b) et les changements locaux de tempe´rature
conduisent a` des changements locaux de niveau de la mer (Lombard et al. [2005b]; Bindoff
et al. [2007]; Wunsch et al. [2007]; Levitus et al. [2009]). Ces variations re´gionales sont lie´es
aux interactions oce´an-atmosphe`re (principalement le vent dans la re´gion Indo-Pacifique en
particulier, mais aussi les e´changes de chaleur et d’eau douce) et a` la circulation oce´anique
qui en de´coule (Ko¨hl and Stammer [2008]; Timmermann et al. [2010]).
Figure 1.15 – a) Tendances du niveau de la mer calcule´es a` partir des donne´es altime´triques sur
la pe´riode 1993-2011. La tendance du niveau global de la mer a e´te´ soustraite (meˆme figure que
la Fig. 1.12b). b) Tendances du niveau de la mer thermoste´rique calcule´es a` partir des donne´es
(de 0 a` 700 m) de Levitus et al. [2009]. La tendance du niveau global a e´te´ soustraite. Figure
adapte´e de Meyssignac and Cazenave [2012].
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Durant la pe´riode altime´trique (depuis 1993), la principale contribution a` la variabilite´
re´gionale du niveau de la mer est l’expansion thermique (Bindoff et al. [2007]). Ceci est
montre´ par la comparaison des tendances du niveau de la mer calcule´es a` partir de l’al-
time´trie (Fig. 1.15a) avec les tendances du niveau de la mer thermoste´rique (couches de 0
a` 700 m de profondeur) calcule´es a` partir des donne´es hydrographiques (Fig. 1.15b, Ishii
and Kimoto [2009]; Levitus et al. [2009]; Lombard et al. [2005a,b]). Ce re´sultat est confirme´
par les mode`les de circulation oce´aniques qui assimillent des donne´es (Wunsch et al. [2007];
Ko¨hl and Stammer [2008]; Carton and Giese [2008]) ou non (Lombard et al. [2009]). Dans
les tropiques en particulier, les tendances thermoste´riques sont principalement duˆes a` la
redistribution de chaleur provoque´e par l’effet du vent sur la circulation oce´anique (Lee
and McPhaden [2008]; Timmermann et al. [2010]; Merrifield and Maltrud [2011]). Dans
les re´gions subtropicales et aux plus hautes latitudes, les variations du vent ge´ne`rent une
expansion et un approfondissement des gyres subtropicaux (Roemmich et al. [2007]; Lee
and McPhaden [2008]) et un de´placement vers le Sud des fronts polaires (Morrow et al.
[2010]).
Le re´chauffement de l’oce´an sur les dernie`res de´cennies est lie´ au re´chauffement global
observe´ a` l’e´chelle de la plane`te (Bindoff et al. [2007]). Selon Levitus et al. [2001, 2009], la
chaleur emmagasine´e dans l’oce´an au cours des 40 dernie`res anne´es (∼16x1022J) est environ
15 fois plus grande que celle qui a e´te´ stocke´e par les continents et 20 fois plus grande que
celle qui a e´te´ stocke´e dans l’atmosphe`re. Au total, Levitus et al. [2009] estime que ∼85%
du re´chauffement global, observe´ depuis 40 ans, se trouve dans l’oce´an. En estimant le
de´se´quilibre e´nerge´tique de la Terre (la Terre ree´met vers l’Espace moins d’e´nergie qu’elle
n’en absorbe du Soleil ) a` partir de mesures et d’un mode`le de climat incluant les forc¸ages
naturels (variabilite´ solaire, e´ruptions volcaniques, albedo) et anthropiques (e´missions de
gaz a` effet de serre, e´missions d’ae´rosols et occupation des sols), Hansen et al. [2011]
estiment que, sur la pe´riode 1993-2008, la Terre a absorbe´ un exce´s d’e´nergie de 0.80 ±
0.20 W.m-2 dont 90% (i.e. 0.72 ± 0.12 W.m-2) se retrouvent stocke´s dans les diffe´rentes
couches de l’oce´an sous forme de chaleur. Ceci est en accord avec l’estimation de Church
et al. [2011] qui trouvent aussi que l’oce´an a emmagasine´ 90% de l’e´nergie exce´dente de la
Terre sur les deux pe´riodes 1972-2008 et 1993-2008 en re´ponse aux e´missions de gaz a` effet
de serre.
b - Les variations de salinite´
Les variations de salinite´, bien qu’elles puissent eˆtre re´gionalement importantes, n’ont
pas d’impact significatif sur le niveau de la mer global (Antonov et al. [2002] et J. Gregory,
communication personnelle). En revanche a` l’e´chelle globale, elles sont un indicateur des ap-
ports d’eau douce a` l’oce´an et donc des variations de sa masse (Antonov et al. [2002]; Munk
[2003]). Ceci permet des estimations des variations de masse de l’oce´an comple´mentaires
de celles qui sont faites a` partir des variations du stock d’eau continentale total (glaces
comprises, voir section 1.3.2). Antonov et al. [2002] a estime´ la tendance du niveau de la
mer global haloste´rique sur la pe´riode 1957-1994 a` 0.05 ± 0.02 mm.a-1 et Ishii et al. [2006]
l’a estime´ a` 0.04 ± 0.01 mm.a-1 sur la pe´riode 1955-2003. Antonov et al. [2002] ont montre´
que la diminution de la salinite´ de l’oce´an de 1957 a` 1994 correspondait a` une augmentation
de la masse de l’oce´an de 1.3 ± 0.5 mm.a-1 en e´quivalent niveau de la mer si l’on supposait
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que toute l’eau douce supple´mentaire provenait des continents. Cependant, Wadhams and
Munk [2004] ont estime´ que plus de la moitie´ de la diminution de la salinite´ observe´e sur
1957-1994 provenait de la fonte des glaces de mer re´duisant ainsi l’augmentation de masse
de l’oce´an a` 0.6 mm.a-1 (e´quivalent niveau de la mer). Ce dernier re´sultat est a` peu pre`s
en accord avec les estimations des contributions des glaciers et des calottes polaires sur la
meˆme pe´riode. Cependant, si l’on ajoute aux erreurs de mesures de salinite´, les erreurs sur
l’estimation de la quantite´ de glace de mer dans le passe´ et la re´partition ge´ographique
particulie`rement mauvaise des donne´es de salinite´ lorsque l’on remonte dans le passe´, cela
donne une tre`s grande incertitude sur ces estimations de la variation de masse de l’oce´an
au cours des dernie`res de´cennies. Les re´sultats des e´tudes de Antonov et al. [2002] et Wad-
hams and Munk [2004] sont donc a` prendre avec pre´caution et les barres d’erreur qu’ils
donnent sont probablement sous-estime´es.
A l’inverse de la situation en global, la contribution de la salinite´ a` la variabilite´ re´gionale
du niveau de la mer est non-ne´gligeable (Wunsch et al. [2007]; Ko¨hl and Stammer [2008];
Lombard et al. [2009]). Dans certaines re´gions comme au Nord de l’oce´an Atlantique, elle
peut compenser en partie l’effet de l’expansion thermique (Lombard et al. [2009]). Cette
compensation s’e´le`ve a` ∼25% de la contribution thermique a` la variabilite´ re´gionale du
niveau de la mer (Wunsch et al. [2007]).
1.3.2 Les variations de masse de l’oce´an dues aux e´changes d’eau
avec les re´servoirs continentaux
a - La fonte des glaciers et les calottes polaires
La fonte des glaciers :
Les glaciers de montagne et les petites calottes de glace sont extreˆmement sensibles au
re´chauffement climatique. Pour cette raison, tout autour du globe, ils re´tre´cissent depuis
plusieurs de´cennies. Ce re´tre´cissement s’est acce´le´re´ de manie`re significative depuis le de´but
des anne´es 1990 (Bindoff et al. [2007]). Sur la centaine de milliers de glaciers que compte
la Terre (∼120000, Radic and Hock [2010]; Cogley [2010]), quelques centaines (∼300) font
l’objet d’observations (au moins 1 an d’observations). Pour une cinquantaine d’entre eux
les observations sont re´gulie`res. Les observations proviennent soit de mesures in-situ ( ac-
cumulation annuelle de neige, masse annuelle fondue) soit de mesures par avion ou satellite
(mesure de la hauteur de surface des glaciers par altime´trie ae´roporte´e ou imagerie spa-
tiale, e.g. Berthier et al. [2011]). Les donne´es sont collecte´es et mises a` disposition par le
World Glacier Monitoring Service (http ://www.geo.unizh.ch/wgms/). C’est sur les e´tudes
de bilan de masse de ces ∼300 glaciers qu’est estime´e la contribution globale de la fonte
des glaciers au niveau de la mer (Meier et al. [2007]; Kaser et al. [2006]; Cogley [2009];
Dyurgerov [2010]; Church et al. [2011]). Pour la pe´riode 1993-2010 , la contribution de cette
fonte a` la hausse du niveau de la mer est estime´e a` +1.1 ± 0.25 mm.a-1 (e´quivalent niveau
de la mer), soit environ 30% de la hausse totale sur cette pe´riode (voir Fig. 1.17). Sur la
pe´riode 2002-2006 elle est estime´e a` 0.95 mm.a-1 (Dyurgerov [2010]). Une autre me´thode,
de´veloppe´e plus re´cemment, s’appuie sur les mesures de gravime´trie spatiale, disponibles
25
Les causes des variations du niveau de la mer
depuis 2002 avec la mission GRACE, pour estimer re´gion par re´gion, la perte de masse des
glaciers de montagnes (Chen et al. [2006, 2007]; Luthcke et al. [2008]; Arendt et al. [2008];
Jacob et al. [2012]). Dans une e´tude tre`s re´cente, Jacob et al. [2012] ont e´value´ sur l’ensem-
ble du globe, a` partir de GRACE, la perte de masse des glaciers de montagne. Ils estiment
que sur la meˆme pe´riode 2002-2006, la contribution des glaciers de montagne au niveau de
la mer s’e´le`ve a` 0.61 mm.a-1, soit 30% de moins que ce qui a e´te´ estime´ par la me´thode du
bilan de masse (Dyurgerov [2010]). Cette diffe´rence vient en grande partie d’une diffe´rence
dans l’estimation de la fonte des glaciers Himalayens. Elle pourrait s’expliquer par un com-
portement he´te´roge`ne des glaciers himalayens, mal mesure´ par la faible couverture spatiale
des donne´es in-situ (Gardelle et al. [2012]), mais ceci reste a` confirmer. Sur la pe´riode
2003-2010, Jacob et al. [2012] e´valuent la contribution des glaciers de montagne au niveau
de la mer a` 0.41 ± 0.08 mm.a-1.
La perte de masse des calottes polaires :
En ce qui concerne les calottes polaires (Groenland et Antarctique), on trouve peu de
re´sultats concernant leur bilan de masse dans la litte´rature avant 1990 car il y avait tre`s peu
d’observations. Depuis, les techniques de mesure embarque´e (a` bord d’avions ou de satel-
lites), telles que l’altime´trie Laser et Radar, l’interfe´rome´trie Radar (Synthetic Aperture
Radar Interferometry en anglais) ou encore la gravime´trie spatiale depuis 2002 (mission
GRACE), ont fourni de nombreux re´sultats sur les variations de masse du Groenland et
de l’Antarctique (e.g. Allison et al. [2009]). Cependant, chacune de ces techniques pre´sente
des biais et des limitations qui lui sont propres. Les estimations faites avec GRACE par
exemple, sont tre`s sensibles a` la correction du GIA : sur l’Antarctique, la correction GIA
de GRACE est du meˆme ordre de grandeur que la perte de masse estime´e. Les estimations
de perte de masse a` partir de l’altime´trie Laser, utilisent une distribution de densite´ de la
glace avec la profondeur qui est, en fait, tre`s mal connue. L’altime´trie radar, quand a` elle,
ne permet pas un bon e´chantillonnage des zones coˆtie`res ou` se produisent les pertes de
masses les plus importantes. Lorsqu’on compare les estimations faites avec les diffe´rentes
techniques, les re´sultats sont assez disperse´s (voir Fig.1.16). Ne´anmoins, toutes les tech-
niques de mesure montrent que les deux calottes polaires perdent de la masse au profit de
l’oce´an et que cette perte s’acce´le`re avec le temps (voir Fig.1.16 et par exemple Chen et al.
[2009]; Velicogna [2009]; Rignot et al. [2008a,b, 2011]; Steffen et al. [2010]; Sasgen et al.
[2012]).
Sur la pe´riode 1993-2003, la communaute´ scientifique s’accorde sur le fait que seulement
0.42 ± 0.36 mm.a-1 (i.e. 13.5%) de la hausse du niveau de la mer s’expliquait par la perte
de masse des calottes polaires (Bindoff et al. [2007]). Cette contribution a augmente´ a` ∼1.0
mm.a-1 (soit ∼40%) depuis 2003-2004 (valeur moyenne entre les diffe´rentes techniques de
mesure). Si bien que, en moyenne sur la pe´riode 1993-2010, la perte de masse des calottes
explique 0.7 ±0.4 mm.a-1 (soit ∼25%) de la tendance du niveau de la mer. Cette perte se
divise en 0.4± 0.2 mm.a-1 (e´quivalent niveau de la mer) pour le Groenland et 0.3 ± 0.2
mm.a-1 (e´quivalent niveau de la mer) pour l’Antarctique (voir Fig. 1.17 et Cazenave and
Remy [2011]; Church et al. [2011]).
La principale raison de la perte de masse des calottes polaires n’est pas la fonte de
la glace mais une acce´le´ration de l’e´coulement dynamique de la glace vers l’oce´an (bien
que dans le cas du Groenland la fonte estivale de surface explique 50% de la perte de
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Figure 1.16 – Compilation des vitesses de perte de masse des calottes polaires publie´es au cours
des deux dernie`res de´cennies. Les barres verticales indiquent l’erreur de l’estimation de perte de
masse tandis que les barres horizontales indiquent la pe´riode sur laquelle a e´te´ estime´e la vitesse
de perte de masse. Figure adapte´e de Cazenave and Remy [2011].
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masse, Rignot et al. [2008b]; van den Broeke et al. [2009]). La majorite´ de la masse perdue
vient de glaciers situe´s sur les coˆtes du Groenland (au Sud et a` l’Ouest) et de l’Ouest de
l’Antarctique (Alley et al. [2007, 2008]; Steffen et al. [2010]). Deux processus ont e´te´ pro-
pose´s pour expliquer cette acce´le´ration de perte de masse des calottes : 1) la lubrification
de l’interface entre le glacier et son socle rocheux suite a` l’infiltration par les crevasses de
quantite´s anormales d’eau fondue en surface au cours des e´te´s, et 2) l’amincissement et la
rupture des glaciers e´missaires qui ralentissent l’e´coulement de la glace vers l’oce´an. Meˆme
si le premier me´canisme peut jouer un roˆle non-ne´gligeable dans le cas du Groenland pour
lequel la fonte estivale de surface est significative, les glaciologues estiment aujourd’hui que
c’est le second me´canisme qui explique principalement l’acce´le´ration de l’e´coulement de la
glace (Alley et al. [2007, 2008]; Holland et al. [2008]; Steffen et al. [2010]; Pritchard et al.
[2012]). L’amincissement dynamique des glaciers des calottes est principalement observe´ le
long des coˆtes ou` l’on trouve des glaciers qui reposent sur un socle rocheux en dessous du
niveau de la mer (e.g. au Nord-Est et Sud-Ouest du Groenland ou a` l’Ouest de l’Antarc-
tique). De re´centes observations ont montre´ que pour ces glaciers, le re´chauffement des eaux
oce´aniques de subsurface et des changements dans la circulation oce´anique pouvaient faire
fondre leur base provoquant ainsi leur rupture et de´clencher des instabilite´s dynamiques
dans l’e´coulement amont de la glace (Gille [2008]; Holland et al. [2008]; Pritchard et al.
[2012]) .
Figure 1.17 – Niveau de la mer global observe´ par altime´trie de 1993 a` 2010 (courbe bleue).
Expansion thermique de l’oce´an (courbe rouge) de´duite de la moyenne des courbes de Levitus et al.
[2009] et Ishii and Kimoto [2009]. Contribution des calottes polaires (Groenland et Antarctique,
courbe turquoise) et des glaciers (courbe verte). La courbe noire repre´sente la contribution totale
des glaces continentales. La courbe bleue en pointille´ donne la somme totale des contibutions
climatiques au niveau de la mer. Figure tire´e de Meyssignac and Cazenave [2012].
Bilan du niveau de la mer :
Si l’on ajoute la contribution des glaciers de montagne, des petites calottes et des
calottes polaires, on obtient une contribution totale des glaces continentales a` la tendance
du niveau de la mer de 1.8 ± 0.35 mm.a-1 sur la pe´riode 1993-2010, soit ∼55% de la ten-
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dance totale (voir Fig. 1.17). En ajoutant encore la contribution de l’expansion thermique
qui s’e´le`ve a` 1.0 ± 0.3 mm.a-1 sur la meˆme pe´riode (voir section 1.3.1), on obtient une
contribution totale des facteurs climatiques a` la tendance du niveau de la mer de 2.8 ± 0.4
mm.a-1 (voir Fig. 1.17). Ceci montre que sur la pe´riode 1993-2010 la tendance du niveau
de la mer s’explique bien (en conside´rant les barres d’erreur) par la somme des tendances
de l’expansion thermique et de la fonte des glaces continentales (voir Fig. 1.17).
Variabilite´ re´gionale du niveau de la mer induite par la fonte des glaces continentales
La fonte actuelle des glaces (glaciers de montagne et calottes polaires) ne participe pas
seulement a` la hausse globale du niveau de la mer, elle a aussi un impact sur sa variabilite´
re´gionale pour deux raisons. D’une part, l’apport d’eau douce venant des continents modifie
localement (a` l’entre´e dans l’oce´an), la structure en densite´ des colonnes d’eau et donc
modifie la circulation oce´anique (Stammer [2008]; Stammer et al. [2011]). En re´ponse,
le niveau de la mer s’ajuste dynamiquement sur la re´gion, aux e´chelles inter-annuelles a`
multi-de´cennales (voir Fig. 1.18 et Okumura et al. [2009]; Stammer [2008]; Stammer et al.
[2011]) et ge´ne`re de la variabilite´ re´gionale. D’autre part, la redistribution de masse d’eau
des continents vers l’oce´an provoque une re´ponse e´lastique de la crouˆte terrestre qui de´forme
les bassins oce´aniques et modifie le ge´o¨ıde. Cette composante ge´ne`re aussi de la variabilite´
re´gionale dans le niveau de la mer (voir section 1.3.3). Aujourd’hui, ces contributions a` la
variabilite´ re´gionale du niveau de la mer sont pre´dites par des mode`les (Okumura et al.
[2009]; Stammer [2008]; Stammer et al. [2011]; Tamisiea and Mitrovica [2011]). Cependant
elles sont encore tre`s petites et n’ont pas e´te´ de´tecte´s dans les mesures (voir section 1.3.3).
Figure 1.18 – Re´ponse du niveau de la mer aux apports d’eau douce induits par une perte de
masse du Groenland e´quivalente a` 2 mm.a-1 (pour me´moire, la perte actuelle est estime´e a` 0.4
mm.a-1 depuis 1993). La carte repre´sente les anomalies de niveau de la mer, moyenne´es sur 4 ans,
induites apre`s 28 ans de simulations d’ un mode`le couple´. La barre de couleur est en cm. Figure
adapte´e de Stammer et al. [2011].
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b - Les e´changes d’eau avec les bassins fluviaux
En dehors des calottes polaires et des glaciers, de l’eau douce est stocke´e dans de nom-
breux autres re´servoirs continentaux tels que la couverture neigeuse, les fleuves, les lacs,
les re´servoirs artificiels, les marais, les zones inonde´es et les aquife`res. Ces eaux continen-
tales sont en e´change permanent avec l’atmosphe`re et l’oce´an a` travers les flux verticaux
(e´vapo-transpiration, pre´cipitation) et horizontaux (e´coulements de surface et souterrains)
de masse. Elles font partie inte´grante du syste`me climatique dans lequel elles jouent un
roˆle important de connections et de re´troactions entre re´gions e´loigne´es par leur influence
sur le bilan d’e´nergie de surface et sur les flux d’eau entre oce´ans, continents et atmo-
sphe`re. En particulier, les variations climatiques influent sur ces stocks d’eau. Certaines
activite´s humaines aussi, telles que le pompage des eaux souterraines (particulie`rement
dans les re´gions arides et semi-arides), la construction de barrages ou le drainage des
marais. D’autres activite´s anthropiques, qui modifient les proprie´te´s physiques de l’envi-
ronnement, telles que l’urbanisation, l’agriculture ou la de´forestation ont aussi un impact.
Tous ces effets se traduisent, apre`s inte´gration par les bassins fluviaux, par une augmen-
tation ou une diminution du de´bit des fleuves (flux horizontaux) et une modification du
bilan ”Pre´cipitation moins Evaporation” local (flux verticaux). In fine, ceci contribue a` la
variation du niveau de la mer.
Les fluctuations des stocks d’eau en re´ponse aux variations climatiques des dernie`res
de´cennies et leur contribution au niveau de la mer ne peuvent pas eˆtre e´value´es car il
n’existe quasiment pas de mesures a` l’e´chelle globale. En revanche on peut calculer des
estimations a` l’aide des mode`les hydrologiques globaux de´veloppe´s a` l’origine pour les
e´tudes de l’atmosphe`re et du climat. Ces mode`les calculent les transferts d’eau, le bilan
d’e´nergie et donc les stocks d’eau a` la surface de la Terre a` partir des donne´es de la basse
atmosphe`re (pre´cipitation, tempe´rature, humidite´, vent) et des donne´es du bilan radiatif
a` la surface. Avec les re´analyses atmosphe´riques sur 1950-2000 et le mode`le hydrologique
Orchidee, Ngo-Duc et al. [2005] ont montre´ qu’ils ne trouvaient pas de tendances a` long
terme dans la contribution des stocks d’eau continentaux au niveau de la mer. Ils ont mis
en e´vidence cependant une forte variabilite´ inter-annuelle a` multi-de´cennale (amplitude de
plusieurs millime`tres). Ce re´sultat a e´te´ confirme´ par Milly et al. [2003], a` l’aide du mode`le
hydrologique LAD, sur la pe´riode 1980-2000.
Les interventions directes de l’Homme sur les stocks d’eau continentaux et leurs con-
tributions au niveau de la mer ont e´te´ estime´es dans plusieurs e´tudes re´sume´es par Hunt-
ington [2006]; Milly et al. [2010]. La plus grande contribution vient du pompage des eaux
souterraines (pour l’agriculture, l’industrie et les usages domestiques) et du remplissage
des re´servoirs artificiels. Malgre´ les diffe´rentes estimations des auteurs et le manque de
donne´es dans le passe´, il semble que la diminution des eaux souterraines au cours des
dernie`res de´cennies a eu pour conse´quence une augmentation du niveau de la mer entre 0.3
et 0.8 mm.a-1 (Huntington [2006]; Milly et al. [2010]; Wada et al. [2010, 2012]; Konikow
[2011]). Par ailleurs, au cours des 50 dernie`res anne´es, des dizaines de milliers de barrages
ont e´te´ construits pour cre´er des re´servoirs artificiels. Ceci a eu une contribution ne´gative
au niveau de la mer. Chao et al. [2008] estiment cette contribution a` -0.55 mm.a-1. Au to-
tal, les effets oppose´s du pompage des eaux souterraines et de la construction des barrages
semblent s’eˆtre compense´s au cours des dernie`res de´cennies. En effet Church et al. [2011]
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estiment que la somme de ces 2 facteurs a contribue´ pour -0.1 ± 0.2 mm.a-1 au niveau
de la mer entre 1970 et 2008. Dans le futur, Il est probable que ceci change du fait d’une
forte diminution des constructions de barrages (la plupart des sites propices e´tant de´ja`
e´quipe´s) et d’une augmentation du pompage dans les re´gions arides fortement peuple´es
(Lettenmaier et Milly 2009 ).
Dans une e´tude tre`s re´cente, base´e sur un mode`le, Pokhrel et al. [2012] aboutissent a`
une contribution totale des stocks d’eau continentaux au niveau de la mer de +0.77 mm.a-1
entre 1961 et 2003. Cette valeur est bien supe´rieure a` celle obtenue par Church et al. [2011].
Le re´sultat de Pokhrel et al. [2012] vient d’une estimation tre`s e´leve´e, par leur mode`le, du
pompage des eaux souterraines entre 1950 et 2000 : ∼359 km3.a-1. Cette estimation est
bien supe´rieure a` ce qu’indiquent les donne´es collecte´es depuis 1961 : ∼82 ±22 km3.a-1
entre 1961 et 2008 d’apre`s Konikow [2011] par exemple. Pour cette raison, ce re´sultat est
conside´re´ peu fiable par la communaute´ scientifique qui s’inte´resse au niveau de la mer.
Depuis 2002, Il existe une mesure globale des stocks d’eau continentaux avec le satellite
GRACE. GRACE mesure les variations spatio-temporelles du champ de gravite´ terrestre.
Sur les continents, ces variations peuvent eˆtre converties en variations temporelles du con-
tenu en eau, inte´gre´ sur la verticale (i.e. eaux de surface + humidite´ des sols + eaux souter-
raines). Les mesures GRACE ne permettent pas de se´parer les contributions individuelles
de chaque re´servoirs ni de discriminer les variations de stock d’eau duˆes au climat de celles
qui sont duˆes a` l’activite´ anthropique. Ramillien et al. [2008] ont estime´ la tendance du
stock d’eau contenu dans les 27 plus grands bassins fluviaux du monde a` partir des donne´es
GRACE de 2003 a` 2006. Ils ont trouve´ des tendances soit positives soit ne´gatives selon
les bassins. Mais en global, la tendance du stock total donnait une contribution au niveau
de la mer <0.2 mm.a-1. Llovel et al. [2010a], dans une e´tude similaire prenant en compte
les 32 plus grands bassins du monde et base´e sur les donne´es GRACE de 2003 a` 2008,
trouvent une contribution de ∼-0.2 mm.a-1. Ces re´sultats confirment la faible participation
des stocks d’eau continentaux a` la tendance du niveau de la mer sur la dernie`re de´cennie.
En re´sume´ que ce soit sur les dernie`res de´cennies ou depuis 2002, les variations des stocks
d’eau continentaux n’ont qu’un impact faible sur la tendance du niveau de la mer.
En dehors d’une tendance faible depuis 2002, Ramillien et al. [2008]; Llovel et al. [2010a]
ont mis en e´vidence avec GRACE une forte variabilite´ inter-annuelle dans les variations
des stocks d’eau continentaux. Llovel et al. [2011a] ont confirme´ ce re´sultat avec le mode`le
hydrologique ISBA-TRIP de´veloppe´ par Me´te´o-France, sur toute la pe´riode 1993-2010 et
ont montre´ que c’est le bassin Amazonien qui dominait le signal en particulier durant les
e´ve`nements El Nin˜o. Sur la Fig. 1.19 (mise a` jour de Llovel et al. [2011a]) sont superpose´es
les deux courbes du stock d’eau total sur les continents (e´quivalent niveau de la mer)
et du niveau de la mer global (une fois la tendance retire´e). La courbe des stocks d’eau
continentaux (calcule´e avec le mode`le ISBA-TRIP) est inversement corre´le´e (corre´lation
de 0.7) avec la courbe du niveau de la mer global (Llovel et al. [2011a]) re´ve´lant que les
fluctuations inter-annuelles du niveau de la mer global s’expliquent, en fait, par la variation
des stocks d’eau sur les continents. De plus, les deux courbes sont fortement corre´le´es a`
l’oscillation du Pacifique tropical (El Nin˜o-Southern Oscillation -ENSO- en anglais) avec
des anomalies positives du niveau de la mer au cours des e´ve`nements El Nin˜o (e.g. 1997-
1998) et des anomalies ne´gatives au cours des e´ve`nements La Nin˜a (e.g. 2007-2008) (voir
Nerem et al. [2010]; Llovel et al. [2011a]). Cette corre´lation s’explique par le fait que
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Figure 1.19 – Courbe du niveau de la mer mesure´ par altimetrie une fois la tendance globale
de 3.2 mm.a-1 retire´e (courbe rouge). Stock d’eau continental total exprime´ en e´quivalent niveau
de la mer (courbe noire, le signe de la courbe a e´te´ inverse´ pour faciliter la comparaison). Figure
mises a` jour a` partir de Llovel et al. [2011a].
les e´ve`nements ENSO provoquent des changements a` grande e´chelle dans les re´gimes de
pre´cipitation des tropiques : ils ge´ne`rent plus de pre´cipitations sur les oce´ans et moins
sur les continents durant les e´ve`nements El Nin˜o et l’inverse durant les e´ve`nements La
Nin˜a (e.g. Gu and Adler [2011]). De plus il semble que durant les e´pisodes El Nin˜o, les
anomalies positives de niveau de la mer global viennent d’anomalies positives de masse
d’eau localise´es sur le Pacifique tropical. Ces anomalies de masses co¨ıncident avec une
re´duction du transport des eaux de l’oce´an Pacifique vers l’oce´an Indien par les de´troits
Indone´siens (Tillinger and Gordon [2010]) re´ve´lant que la circulation oce´anique joue un roˆle
important dans les transferts de masse durant les e´ve`nements ENSO (voir une description
de´taille´e de cette e´tude a` laquelle nous avons participe´, dans la section 2.1.2).
1.3.3 Les autres facteurs qui font varier le niveau de la mer a`
l’e´chelle re´gionale
D’autres facteurs font encore varier le niveau de la mer, mais leur impact sur le niveau
de la mer global est faible ou nul. En revanche, leur impact peut eˆtre non-ne´gligeable sur
la variabilite´ re´gionale du niveau de la mer.
La re´ponse de la crouˆte terrestre aux transferts de masse d’eau a` la surface de la Terre :
L’un de ces facteurs est la re´ponse visco-e´lastique de la crouˆte terrestre aux transferts de
masse dans l’enveloppe fluide de la Terre. Cette re´ponse a un impact tre`s lent sur le niveau
de la mer si bien que pour les e´tudes climatiques cet effet est souvent qualifie´ d’”effet quasi-
statique”. Par exemple, le GIA qui est la re´ponse visco-e´lastique de la crouˆte terrestre a` la
dernie`re de´glaciation, qui a commence´ il y a ∼20 000 ans, ge´ne`re des changements tre`s lents
du champ de gravite´ ainsi que des de´formations des bassins oce´aniques qui produisent de
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Figure 1.20 – Contribution a` la variabilite´ re´gionale des tendances du niveau de la mer de la
re´ponse visco-e´lastique de la Terre a` la dernie`re de´glaciation. Elle est repre´sente´e telle qu’elle
serait mesure´e par l’altimetrie a), par les mare´graphes b) et par GRACE c). Figure adapte´e de
Tamisiea and Mitrovica [2011].
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la variabilite´ re´gionale dans les tendances du niveau de la mer (voir Fig. 1.20a et Milne and
Mitrovica [2008]; Mitrovica et al. [2001]; Tamisiea and Mitrovica [2011]). Cette variabilite´
est particulie`rement forte au voisinage des re´gions qui e´taient recouvertes par des calottes
glaciaires lors du dernier maximum glaciaire (en Fennoscandie, autour de la baie d’Hudson,
en Patagonie et en Antarctique ; voir Fig. 1.20). Mais on trouve aussi du signal dans les
re´gions e´loigne´es comme l’oce´an Pacifique. En moyenne sur tout l’oce´an, l’impact du GIA
sur le niveau de la mer n’est pas tout a` fait nul. En effet quand on moyenne le signal
de la Fig.1.20a entre 66˚ S et 66˚ N, on trouve une contribution le´ge`rement ne´gative du
GIA au niveau de la mer de -0.3 mm.a-1. C’est cette composante qu’il faut soustraire au
niveau de la mer global calcule´ avec les donne´es altime´triques quand on veut estimer la
composante climatique du niveau de la mer (i.e. celle qui est lie`e aux variations de masse
et de tempe´rature de l’oce´an).
La crouˆte terrestre ne re´pond pas seulement a` la fonte des glaces du dernier maximum
glaciaire. Elle re´pond aussi a` la fonte actuelle des glaces du Groenland, de l’Antarctic et
des glaciers de montagne (Gomez et al. [2010]; Milne et al. [2009]; Mitrovica et al. [2001,
2009]; Tamisiea and Mitrovica [2011]). Cependant, la fonte e´tant re´cente, la re´ponse de la
crouˆte est dans ce cas e´lastique. De plus les re´gions touche´es par la fonte actuelle ne sont
pas les meˆmes que celles qui furent touche´es par la fonte du dernier maximum glaciaire. En
conse´quence, les de´formations des bassins oce´aniques ainsi que les changements du ge´o¨ıde
et de la rotation de la Terre induits par cette fonte actuelle des glaces sont diffe´rents de
ceux qui sont induits par le GIA (voir Fig. 1.21 a` comparer avec la Fig.1.20b). Ces effets
quasi-statiques engendrent aussi de la variabilite´ re´gionale dans le niveau de la mer qui
s’ajoute a` celle qui est induite par le GIA.
Figure 1.21 – Tendances du niveau de la mer induites par la re´ponse de la Terre solide (i.e.
de´formation e´lastique de la crouˆte + variations du ge´o¨ıde + variations de la rotation de la Terre)
a` a) une perte de masse du Groenland e´quivalente a` 1 mm.a-1 et b) une perte de masse de
l’Antarctique e´quivalente a` 1 mm.a-1, telles qu’elles seraient mesure´es par des mare´graphes. Figure
adapte´e de Tamisiea and Mitrovica [2011].
Il faut noter que, ces contributions a` la variabilite´ re´gionale du niveau de la mer de
la re´ponse de la crouˆte terrestre aux transferts de masse a` la surface, sont encore petits
compare´s a` la variabilite´ re´gionale du niveau de la mer ste´rique (voir section 1.3.1). Jusqu’a`
aujourd’hui, ils n’ont pas e´te´ observe´s dans les donne´es altime´triques ou mare´graphiques et
leur de´tection semble encore difficile e´tant donne´ les performances des syte`mes de mesure
actuels (Kopp et al. [2010]). Cette de´tection est d’autant plus difficile que la signature de ces
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phe´nome`nes n’est pas la meˆme selon qu’on la mesure avec l’altime´trie, les mare´graphes ou
GRACE ( voir Fig. 1.20a,b et c). Ne´anmoins, si les pertes de glace continentale continuent
au rythme actuel ou s’acce´le`rent, elles pourraient produire dans le futur une forte variabilite´
re´gionale dans le niveau de la mer devenant un de ses contributeurs majeurs (voir section
1.4.2 etMitrovica et al. [2009]; Slangen et al. [2011]). Elle seront alors plus faciles a` de´tecter
et mesurer. Aujourd’hui, ce domaine de recherche est encore largement ouvert : par exemple,
actuellement, il n’existe pas d’estimation publie´e de la signature altime´trique attendue de
la re´ponse e´lastique de la crouˆte terrestre a` la fonte actuelle des glace (i.e. il n’existe pas
de figure e´quivalente a` la Fig.1.21 pour l’altime´trie).
Les processus ge´ologiques qui de´forment la crouˆte terrestre :
D’autres phe´nome`nes tels que l’e´rosion, la de´position ou la compaction des se´diments,
peuvent jouer un roˆle dans la variabilite´ locale du niveau de la mer a` travers la re´ponse
de la crouˆte oce´anique qu’ils ge´ne`rent (Blum and Roberts [2009]). C’est aussi le cas de la
de´formation de la Terre sous l’effet de la convection mantellique et des processus tectoniques
qui peuvent produire des variations du niveau de la mer faible en moyenne (<1 mm.a-1,
voir Moucha et al. [2008]), excepte´ pour les tremblements de Terre.
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1.4 Les projections du niveau de la mer dans le futur.
1.4.1 Les projections du niveau de la mer global
Il faut s’attendre a` ce que le re´chauffement global continue et meˆme s’accroisse dans
les prochaines de´cennies car les e´missions de gaz a` effet de serre, qui en est la cause prin-
cipale, continueront tre`s probablement d’augmenter dans le futur. Une estimation re´cente
des e´missions de CO2 duˆes a` la combustion des e´nergies fossiles, par Friedlingstein et al.
[2010], re´ve`le une augmentation forte durant les anne´es 2000 malgre´ de le´gers ralentisse-
ments provoque´s par les crises e´conomiques. Parmi les e´missions totales de CO2 provenant
des e´nergies fossiles et de l’industrie du ciment, 45% s’accumulent actuellement dans l’at-
mosphe`re et participent a` l’effet de serre, tandis que l’oce´an et la ve´ge´tation en stockent
respectivement 25% et 30% (Durant et al. [2011]).
Diffe´rents scenarii d’e´missions de gaz a` effet de serre (exprime´s en terme de forc¸age
radiatif) et de re´ponse du syste`me climatique (exprime´s en terme d’augmentation de la
tempe´rature globale de la Terre) sont possibles pour les de´cennies a` venir (Solomon et al.
[2007]). Par exemple dans le 4e`me rapport du GIEC, le sce´nario SRES-A1B pre´voit un
re´chauffement global en 2100 de +2.8˚ C en moyenne (entre 1.4˚ C et 6.4˚ C) par rapport a`
aujourd’hui tandis que les scenarii SRES-B1 et SRES-A2 pre´voient un re´chauffement moyen
de +1.8˚ C (entre 1.1˚ C et 2.9˚ C) et +3.4˚ C (entre 2˚ C et 5.4˚ C) respectivement. Pour le
5e`me rapport du GIEC, dont la publication est pre´vue en septembre 2013, ces scenarii ont
e´te´ modifie´s et renomme´s ”Representative Concentration Pathways” -RCP- (Moss et al.
[2010]; van Vuuren et al. [2012]) . Ils ne donnent plus d’estimations des emissions de gaz
a` effet de serre. Ils donnent de´sormais directement une estimation de leur concentration
dans l’atmosphe`re a` partir de 2006. Malgre´ quelques diffe´rences, les nouveaux scenarii RCP
restent proches des anciens scenarii SRES en terme de forc¸age radiatif d’ici 2100. Seul le
sce´nario SRES-A2 qui est le plus extreˆme en terme de forc¸age radiatif et de re´chauffement
en 2100, a e´te´ revu significativement a` la hausse dans sa nouvelle version RCP8.5. Les
scenarii SRES-B1 et SRES-A1B restent en revanche tre`s proches de leur nouvelles versions
respectives RCP4.5 et RCP6.0. Chacun de ces scenarii pre´voit une augmentation du niveau
de la mer au cours du XXIe`me sie`cle et au dela`, car ils indiquent tous une augmentation
du re´chauffement de l’oce´an et de la fonte des glaces continentales (voir Fig 1.22 et e.g.
Solomon et al. [2007]).
Les projections du 4e`me rapport du GIEC, publie´ en 2007 (Bindoff et al. [2007]), in-
diquaient que le niveau de la mer global devrait eˆtre supe´rieur a` sa valeur actuelle de 40
cm en 2100 (avec une incertitude de ± 15 cm duˆe a` la dispersion des mode`les utilise´s et
a` l’incertitude sur les e´missions futures de gaz a` effet de serre, voir Fig. 1.22). Apre`s la
publication de ce rapport, il a e´te´ sugge´re´ que ces valeurs e´taient faibles car elles prenaient
en compte seulement le re´chauffement de l’oce´an, la fonte des glaciers et le bilan de sur-
face des calottes polaires. Elles ne prenaient pas en compte l’acce´le´ration de l’e´coulement
dynamique des glaces vers l’oce´an qui est la raison majeure des pertes de masse actuelle-
ment observe´es au Groenland et en Antarctique de l’Ouest (voir section 1.3.2). Des e´tudes
re´centes sugge`rent que la perte de masse des calottes polaires serait bien plus grande qu’at-
tendue. Pfeffer et al. [2008] estime qu’en 2100 cette contribution pourrait valoir entre 16
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Figure 1.22 – Evolution du niveau global de la mer entre 1800 et 2100 (Bindoff et al. [2007]).
La courbe grise repre´sente les estimations obtenues a` partir des donne´es ge´ologiques. La courbe
rouge repre´sente le niveau de la mer observe´ par les mare´graphes (Church and White [2011]). La
courbe verte repre´sente le niveau de la mer observe´ par altime´trie. L’enveloppe bleue donne les
estimations du niveau de la mer futur du 4e`me rapport du GIEC.
cm et 54 cm pour le Groenland et entre 13 cm et 62 cm pour l’Antarctique (avec comme
valeurs probables 16 cm et 15 cm respectivement). En extrapolant l’acce´le´ration observe´e
actuellement dans la perte de masse du Groenland et de l’Antarctique, Rignot et al. [2011]
estiment une contribution des calottes polaires au niveau de la mer en 2100 de ∼56 cm.
En re´sume´, la contribution totale des glaces continentales au niveau de la mer du XXIe`me
sie`cle reste tre`s incertaine et des valeurs autour de 40-50 cm en 2100 sont envisageables.
Si l’on ajoute le re´chauffement de l’oce´an (avec une contribution de l’ordre de 10-40 cm,
Bindoff et al. [2007]), le niveau de la mer pourrait s’e´lever de 50 a` 80 cm au dessus de sa
valeur actuelle en 2100.
Une autre approche, base´e sur des mode`les semi-empiriques, a e´te´ propose´e pour estimer
le niveau de la mer du XXIe`me sie`cle (Horton et al. [2008]; Vermeer and Rahmstorf [2009];
Grinsted et al. [2010]; Rahmstorf et al. [2011]; Jevrejeva et al. [2010, 2012]). Les mode`les
semi-empiriques sont base´s sur des relations simples entre les variations du niveau de la
mer global et les variations de la tempe´rature moyenne (ou du forc¸age radiatif moyen) de
la Terre. Ces relations sont calibre´es sur le XXe`me sie`cle (ou des pe´riodes plus longues).
Elles permettent ensuite d’estimer des projections du niveau de la mer global a` partir
des projections de tempe´rature moyenne (ou de forc¸age radiatif moyen) obtenues par les
mode`les climatiques couple´s du GIEC (la tempe´rature moyenne et le forc¸age radiatif moyen
sont les parame`tres les plus pre´cis des parame`tres mode´lise´s par les mode`les de climat
couple´s). Cette approche donne des projections du niveau de la mer global plus e´leve´es en
2100 que l’approche traditionnelle. Mais les raisons de cette diffe´rence restent incomprises
(voir Fig. 1.23).
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Figure 1.23 – Evolution du niveau global de la mer entre 1860 et 2100 (Bindoff et al. [2007]).
La courbe rouge repre´sente le niveau de la mer observe´ par les mare´graphes puis l’altimetrie. Les
enveloppes bleues, grises et hachure´es donnent les estimations du niveau de la mer futur a` partir
des mode`les semi empiriques. Les barres rouges donnent celles du 4e`me rapport du GIEC.
1.4.2 Les projections de la variabilite´ re´gionale du niveau de la
mer
Les variations du niveau de la mer actuel ne sont pas uniformes (voir section 1.2.2). On
s’attend de la meˆme manie`re a` ce que les variations du niveau de la mer futur ne soient
pas uniformes. En effet, la variabilite´ re´gionale du niveau de la mer future sera domine´e
par les effets ste´riques non-uniformes (Pardaens et al. [2011]; Yin et al. [2010]; Suzuki and
Ishii [2011]).
Bien qu’il y ait des diffe´rences parmi les projections, globalement les diffe´rents mode`les
de climat s’accordent sur les grandes structures re´gionales du niveau de la mer futur (voir
Fig. 1.24b). Ces grandes structures sont les suivantes. La moyenne des projections (Fig.
1.24a) montre une augmentation du niveau de la mer plus grande que celle du niveau
global dans l’oce´an Arctique. Ceci est duˆ a` l’augmentation du flux d’eau douce dans cette
re´gion suite a` la fonte des glaces de mer et de la glace venant du Groenland ainsi qu’a`
l’augmentation du de´bit des fleuves affluents. Une compensation est pre´dite entre les fortes
contributions thermoste´riques et haloste´riques dans l’oce´an Atlantique qui se solde par
une le´ge`re domination de l’expansion thermique. Dans l’oce´an Antarctique autour de 60˚ S,
on observe une baisse du niveau de la mer par rapport a` la moyenne alors qu’un peu
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Figure 1.24 – Moyenne des projections (sce´nario A1B) de la variabilite´ re´gionale du niveau de
la mer en 2091-2100 par rapport au niveau de la mer en 1991-2000, sur la base de 12 mode`les
utilise´s pour le 4e`me rapport du GIEC. a) Moyenne des projections du niveau de la mer dynamique
en m. b) Ecart type des projections en m. Les re´gions hachure´es sur la Fig. 1.24a indiquent les
zones pour lesquelles le rapport de la moyenne sur l’e´cart-type est >1.5. Figure tire´e de Yin et al.
[2010].
plus au Nord (autour de 45˚ S) on observe une bande zonale pour laquelle le niveau de
la mer augmente. Ce comportement dipolaire est associe´ aux changements du courants
Antarctique circumpolaire en re´ponse a` l’augmentation du vent autour de 50˚ S. En effet
cette augmentation du vent intensifie la convergence et la subduction des eaux modales et
interme´diaires (donc augmente le niveau de la mer) au Nord vers 40˚ S tandis qu’il ge´ne`re
plus de divergence et d’”upwelling” (donc diminue le niveau de la mer) au Sud vers 60˚ S
(Sen Gupta et al. [2009]). Dans l’oce´an Indien les projections pre´voient en ge´ne´ral une
augmentation du niveau de la mer le´ge`rement plus grande que la moyenne.
D’autres facteurs, en dehors des effets ste´riques, ge´ne`rent de la variabilite´ re´gionale
dans le niveau de la mer comme par exemple les effets gravitationnels et la de´formation
39
Les causes des variations du niveau de la mer
Figure 1.25 – Contributions de chaque facteur a` la variabilite´ re´gionale du niveau de la mer en
2090-2099 par rapport a` 1990-1999. Les figures sont la moyenne des projections du sce´nario A1B
obtenues pour 12 mode`les de climats. a) Contribution des calottes polaires. b) Contribution des
glaciers. c) Contribution des effets ste´riques. d) Contribution de la re´ponse de la Terre solide a` la
dernie`re de´glaciation (GIA). Figure tire´e de Slangen et al. [2011].
des bassins oce´aniques induits par la re´ponse visqueuse et e´lastique de la Terre aux re-
distributions (pre´sente et passe´e) de masses d’eau (voir sections 1.3.2 et 1.3.3). Jusqu’a`
maintenant ces facteurs n’e´taient pas pris en compte dans la projection de la variabilite´
re´gionale. Pour la premie`re fois Slangen et al. [2011] les ont e´value´s dans leurs projections
des diffe´rents scenarii de re´chauffement climatique. Ces auteurs ont mode´lise´ le niveau de
la mer re´gional en prenant en compte les effets ste´riques et les effets induits par la re´ponse
de la Terre solide a` la dernie`re de´glaciation (voir section 1.3.3) et a` la fonte des glaces
actuelles (voir section 1.3.2). La Fig. 1.25 (tire´e de Slangen et al. [2011]) montre la con-
tribution de chacun de ces facteurs a` la variabilite´ re´gionale du niveau de la mer pour la
de´cennie 2090-2099 par rapport a` 1990-1999 et pour le sce´nario A1B (re´chauffement global
de 2.8˚ C et hausse du niveau de la mer global ∼50 cm en 2090-2099). Ces cartes sont base´es
sur la moyenne de 12 mode`les de climat utilise´s pour les projections du 4e`me rapport du
GIEC. Elles montrent un niveau de la mer re´gional entre ∼-4 m (au voisinage des calottes
polaires) et +80 cm.
La Fig. 1.26 (tire´e aussi de Slangen et al. [2011]) donne la projection de la variabilite´
re´gionale duˆe a` la somme des facteurs pre´sente´s Fig. 1.25 pour trois scenarii diffe´rents :
A1B, B1 et A2. Comme pour la Fig. 1.25, la hausse du niveau global est incluse dans les
cartes pre´sente´es Fig. 1.26. Dans ces projections, la variabilite´ ste´rique domine toujours
le niveau de la mer re´gional comme dans les projections ante´rieures re´alise´es pour le 4e`me
rapport du GIEC. Mais localement, au voisinage des re´gions qui ont perdu ou qui perdent
aujourd’hui de la glace, les effets de la Terre solide produisent une forte contribution
ne´gative aux variations du niveau de la mer. Dans certaines re´gions de l’Arctique par
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exemple, ils compensent l’augmentation du niveau de la mer duˆe a` la baisse de la salinite´.
Cette figure montre que la variabilite´ re´gionale attendue en 2090-2099 est tre`s forte
compare´e au niveau global pour les trois scenarii A1B, B1 et A2. Il est primordial de la
prendre en compte.
Figure 1.26 – Variabilite´ re´gionale du niveau de la mer en 2090-2099 par rapport a` 1990-1999
(moyenne de 12 mode`les de climat) duˆe a` la somme de tous les facteurs montre´s sur la Fig. 1.25.
Le re´sultat est donne´ pour 3 scenarii diffe´rents : a) sce´nario A1B (+2.8˚ en 2100), b) sce´nario B1
(+1.8˚ en 2100), c) sce´nario A2 (+3.4˚ en 2100). Le niveau de la mer global (de ∼50 cm pour
A1B, ∼40 cm pour B1 et ∼55 cm pour A2) n’a pas e´te´ enleve´. Figure tire´e de Slangen et al.
[2011].
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1.5 Les enjeux scientifiques actuels lie´s au niveau de
la mer.
Ce chapitre montre que depuis une vingtaine d’anne´es de nombreux progre`s ont e´te´
re´alise´s dans l’estimaton des variations du niveau de la mer. Elles sont mesure´es a` la
pre´cision de 1-2 cm depuis octobre 1992 avec une couverture quasi-globale graˆce aux satel-
lites altime´triques. les estimations des tendances du niveau global convergent sur le XXe`me
sie`cle, les dernie`res de´cennies et la pe´riode altime´trique. Depuis 1993, on a une vision claire
de la forte variabilite´ re´gionale qui caracte´rise le niveau de la mer avec une pre´cision sur
les tendances locales de 1 a` 2 mm.a-1. Mais il reste encore des incertitudes. La variabilite´
inter-annuelle du niveau global est mal connue avant la pe´riode altime´trique et de nom-
breuses diffe´rences apparaissent entre les diffe´rentes estimations. Ceci est encore plus vrai
pour la variabilite´ re´gionale.
L’e´tude du bilan du niveau de la mer et de ses contributions montre aussi des limites.
Sur la pe´riode 1993-2010, l’expansion thermique de l’oce´an observe´ par les donne´es hydro-
graphiques d’une part, et la fonte des glaciers de montagne et des calottes polaires observe´e
par les mesures in-situ et ae´roporte´es d’autre part expliquent bien la tendance du niveau de
la mer. De meˆme les variations inter-annuelles des stocks d’eau des grands bassins fluviaux
du monde sont en accord avec la variabilite´ inter-annuelle du niveau marin. Mais sur la
pe´riode 2002-2010 les mesures GRACE des variations de masse de l’oce´an ne s’accordent
pas avec les mesures in-situ et ae´roporte´es de la fonte des glaciers de montagne et des
calottes polaires. On trouve aussi sur cette periode des diffe´rences surprenantes entre les
diffe´rentes estimations de la tendance du niveau de la mer a` partir des donne´es satellites
(Masters et al. [in press]) si bien que le bilan du niveau de la mer reste controverse´ entre
2002 et 2010. Sur la pe´riode 1950-2010 le bilan apparait ferme´ (Church et al. [2011]) mais
avec de grandes barres d’erreur concernant l’expansion thermique et surtout la contribution
des glaces.
Concernant les projections, Il est bien e´tabli aujourd’hui que le niveau de la mer va
continuer a` monter dans le futur. En revanche, nous ne savons pas a` combien de dizaines
de cm de niveau de la mer supple´mentaires nous devons nous pre´parer pour 2100. Doit-on
s’attendre a` 20 cm de plus, comme le pre´disent les projections les plus optimistes du 4e`me
rapport du GIEC (Bindoff et al. [2007]) ou devrait-on de´ja` se preparer a` une augmentation
de 1,8 m comme le sugge`rent les simulations semi-empiriques les plus pessimistes (Vermeer
and Rahmstorf [2009]) ? Le niveau de la mer re´pond de fac¸on complexe aux changements
des diffe´rentes composantes du syste`me climatique et a` leurs interactions. Sa mode´lisation
n’est pas simple. L’incertitude principale provient de notre me´connaissance de l’e´volution
future des calottes polaires. Les observations spatiales (par altime´trie Radar et Laser, in-
terfe´rome´trie Radar InSAR et gravime´trie spatiale GRACE) ont clairement mis en e´vidence
une acce´le´ration re´cente de la perte de masse de glace des re´gions coˆtie`res du Groenland
et de l’Antarctique de l’Ouest. Des me´canismes ont e´te´ propose´s (instabilite´s dynamiques
des glaciers coˆtiers dues au re´chauffement de l’oce´an et -au moins au Groenland- a` la lu-
brification basale de la calotte par les eaux provenant de la fonte en surface). Mais ils ne
sont pas encore comple`tement compris et leur mode´lisation reste un de´fi. Par ailleurs les
mode`les climatiques couple´s n’expliquent que 60% de la hausse observe´e du niveau de la
mer pour le XXe`me sie`cle (alors que la contribution des calottes e´tait probablement faible,
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Bindoff et al. [2007]) et ils reproduisent mal la variabilite´ re´gionale passe´e. Certains pro-
cessus physiques cle´s dans la circulation oce´anique ne sont pas pris en compte comme le
roˆle joue´ par les tourbillons (Hogg et al. [2009]) aux e´chelles climatiques ou la stabilite´ des
masses d’eau profondes.
D’importants progre`s sont donc a` re´aliser pour estimer pre´cisement les variations
passe´es du niveau de la mer et produire des projections re´alistes (en global et re´gional).
Nous listons ici les grandes questions et principaux de´fis scientifiques auxquels la commu-
naute´ climatologique est confronte´e actuellement sur cette the´matique :
(a) Concernant les observations du niveau de la mer :
1. L’augmentation du niveau de la mer observe´e au cours du XXe`me sie`cle est-elle anor-
male compare´e aux variations observe´es durant les sie`cles et mille´naires pre´ce´dents ?
La re´ponse est probablement oui, si on la compare aux variations du niveau de la
mer durant les 2000 dernie`res anne´es (Miller et al. [2009]; Kemp et al. [2011]). Mais
si on la compare a` des augmentations abruptes mesure´es au cours de la dernie`re
de´glaciation elle semble modeste : Deschamps et al. [2012] rapporte une augmenta-
tion du niveau de la mer de ∼40 mm.a-1 durant 350 ans qui serait survenue il y a
∼14500 ans.
2. Est ce que la hausse du niveau de la mer actuel est en train d’acce´le´rer ? Ceci a
e´te´ sugge´re´ par Merrifield et al. [2009]. Mais Nerem et al. [2010] a montre´ que la
vitesse du niveau de la mer n’a pas augmente´ dans les anne´es 2000 compare´ aux
de´cennies pre´ce´dentes du fait en particulier de l’occurence d’e´ve`nements La Nin˜a
exceptionellement forts. Ne´anmoins au cours de la pe´riode altime´trique, la tendance
du niveau de la mer global est 2 fois plus grande qu’au cours des 50 dernie`res anne´es.
S’agit il d’une acce´le´ration ou a-t-on a` faire a` de la variabilite´ de´cennale ? La re´ponse
a` cette question reste controverse´e.
3. Peut-on re´duire l’incertitude qu’il subsiste sur la tendance du niveau de la mer ob-
serve´e par altime´trie ? Cette incertitude s’e´le`ve aujourd’hui a` 0.5-0.6 mm.a-1 (Ablain
et al. [2009]). Plusieurs signaux physiques qui ont un impact sur le niveau de la
mer sont de cet ordre de grandeur voire un peu plus petit : la tendance des stocks
d’eau continentaux, les effets quasi-statiques (GIA et re´ponse de la crouˆte terrestre
a` la fonte actuelle des glaces), etc. Il est ne´cessaire d’ame´liorer la performance des
mesures altime´triques sur ce point.
4. Peut’on re´duire les diffe´rences en variabilite´ inter-annuelle qui existent entre les
courbes du niveau de la mer calcule´es avec les donne´es altime´triques par les diffe´rentes
e´quipes de recherche (e.g. Masters et al. [in press]). Ceci est primordial dans l’e´tude
des causes des variations du niveau de la mer.
5. Quel est la variabilite´ du niveau de la mer dans l’oce´an Arctique ? Monte-t-il plus
vite en Arctique que dans le reste du monde comme le sugge`rent les mode`les ? Et si
oui, quelle est sa contribution a` la hausse du niveau de la mer global ? les donne´es
de Topex/Poseidon et Jason1-2 ne montent pas au dessus de 66˚ N. En revanche
les donne´es de ERS et Envisat qui couvrent en partie l’oce´an Arctique ainsi que
les donne´es des mare´graphes Norve´giens et Russes re´cemment rendues publiques
devraient donner des e´le´ments de re´ponse a` ces questions.
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6. Peut-on estimer de manie`re fiable la variabilite´ re´gionale du niveau de la mer sur
les dernie`res de´cennies ? La variabilite´ re´gionale peut eˆtre e´tudie´e avant la periode
altime´trique a` l’aide des OGCM, des re´analyses oce´aniques et des reconstructions
en 2 dimensions du niveau de la mer (voir section 2.2). Cependant ces diffe´rentes
techniques pre´sentent des resultats diffe´rents. Peut’on les ame´liorer ?
7. Qu’est ce qui explique la variabilite´ re´gionale du niveau de la mer aux e´chelles inter-
annuelles a` multi-de´cennales ? Quel roˆle jouent le stress du vent et les e´changes de
masse et de chaleur entre l’oce´an et l’atmosphe`re ?
8. Est ce que la variabilite´ re´gionale du niveau de la mer que l’on observe par altime´trie
depuis 1993 (Fig. 1.12) est stable dans le temps ? Si non, quels sont les temps car-
acte´ristiques de son e´volution ?
9. Des e´tudes re´centes sugge`rent que la variabilite´ re´gionale de l’expansion thermique
(qui est en grande partie a` l’origine de la variabilite´ re´gionale du niveau de la mer)
e´volue dans le temps et l’espace avec les modes de variabilite´ du syste`me climatique
comme ENSO, PDO, SAM et NAO. Peut-on de´terminer pre´cisement ces fluctua-
tions a` l’aide des mesures et des mode`les ? Peut’on e´tablir le lien avec les modes de
variabilite´ naturelle du climat ?
10. Sur la base des deux questions pre´ce´dentes, peut t’on de´terminer la cause premie`re
dans le syste`me climatique qui de´termine la variabilite´ re´gionale du niveau de la
mer observe´e par altime´trie ? Est elle largement domine´e par la variabilite´ interne du
syste`me climatique ou peut t’on y de´tecter l’impact des forc¸ages naturels (tels que
la variabilite´ solaire et volcanique) ou anthropiques (tels que les gaz a` effet de serre
ou les ae´rosols) ?
(b) Concernant les contributions au niveau de la mer :
11. Comment expliquer les diffe´rences importantes a` l’e´chelle inter-annuelle entre les
niveaux de la mer ste´riques (thermoste´rique et haloste´rique) des diffe´rentes bases de
donne´es ?
12. Quelle est la contribution de l’oce´an profond au niveau de la mer ste´rique ? Peut-on
en calculer une limite supe´rieure a` de´faut d’une estimation pre´cise ? (Les boue´es Argo
ne descendent pas plus bas que 2000 m, et avant 2003 on ne dispose pas de donne´es
spatialement bien re´parties en dessous de 700m.)
13. Avec quelle pre´cision peut t’on estimer la contribution ste´rique de chaque bassin
oce´anique ? Peut’on suivre en temps et profondeur le re´chauffement des bassins ?
14. Peut t’on expliquer le ralentissement observe´ depuis 2003 dans l’expansion thermique
globale (en particulier avec le re´seau Argo) ?
15. Peut t’on ame´liorer les observations GRACE des variations de masse globale de
l’oce´an ? GRACE permet une estimation directe des variations de la masse de l’oce´an
depuis 2002. Quand on compare les mesures GRACE moyenne´es sur l’oce´an avec les
apports d’eau venant de la fonte des glaciers de montagne et des calottes polaires,
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estime´s par ailleurs avec les mesures in-situ et satellitaires, on obtient des diffe´rences
importantes. Les mesures GRACE sont tre`s sensibles au GIA et a` la fonte actuelle
des glaces dont les corrections gravime´triques sont encore mal connues. Est ce que
cela explique les diffe´rences ? N’y a t’il pas aussi des erreurs dans les mesures in-situ ?
16. Les glaciers de montagne contribuent-ils a` la variabilite´ inter-annuelle du niveau de
la mer ?
17. Peut t’on re´concilier les diffe´rentes observations de la perte de masse au Groenland
et en Antarctique (Altimetrie Radar et Laser, inSAR, GRACE) ?
18. La perte de masse des calottes polaires est-elle en train d’acce´le´rer ? S’agit-il d’un
phe´nome`ne temporaire ou de la signature d’une tendance a` long terme ?
19. Le cycle global de l’eau s’intensifie t’il ? Quel en est la conse´quence sur les stocks
d’eau continentaux et donc sur le niveau de la mer ?
20. Comprend-on les processus qui expliquent la covariance aux e´chelles inter-annuelles
entre les stocks d’eau continentaux et le niveau de la mer ?
21. Peut t’on de´tecter dans les observations des variations du niveau de la mer les con-
tributions non-ste´riques a` la variabilite´ re´gionale ?
22. La variabilite´ re´gionale non ste´rique de l’oce´an est duˆe aux variations re´gionales de
masse de l’oce´an. Ces variations re´gionales de masses sont provoque´es soit par des
variations du geo¨ıde suite aux redistribution de masse a` la surface de la Terre (GIA,
fonte actuelle des glaces) soit par des variations de la dynamique oce´anique en re´ponse
au forc¸age exte´rieur (vent, e´changes de masse et de chaleur avec l’atmosphe`re ou les
continents). Peut t’on estimer la signature spatiale et l’amplitude de chacun de ces
2 termes ?
23. Les variations re´gionales de masse de l’oce´an peuvent eˆtre estime´es de 2 manie`res :
de manie`re indirecte en corrigeant le niveau de la mer du niveau de la mer ste´rique
(e.g. en calculant ”Altimetrie moins Argo” sur la pe´riode re´cente 2004-2009) ou de
manie`re directe avec les mesures GRACE depuis 2002 . Ces deux me´thodes donnent
des re´sultats diffe´rents (e.g. Llovel et al. 2010). D’ou` viennent ces diffe´rences ? Peut
on les expliquer ?
(c) Concernant les projections du niveau de la mer et de sa variabilite´ re´gionale
24. Quelle sera la contribution des calottes polaires a` l’augmentation du niveau de la mer
dans le futur ?
25. Pourquoi les projections des mode`les de climat couple´s donnent une augmentation
du niveau de la mer plus faible dans le futur que celles des mode`les semi-empiriques ?
26. Quelle sera la variabilite´ re´gionale du niveau de la mer dans le futur ? Une premie`re
estimation a e´te´ donne´e par Slangen et al. [2011] sur la base des simulations CMIP3.
Les re´sultats seront ils identiques avec les simulations CMIP5 ?
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27. Les projections du niveau de la mer pour les 20 a` 30 ans a` venir vont elles eˆtre tre`s
diffe´rentes des projections pour 2100 ? Quel degre`s de confiance peut-on accorder a`
ces projections de´cennales ?
(d) Concernant les impacts dans les zones coˆtie`res
28. Est on capable d’estimer pre´cisemment le niveau de la mer relatif (i.e. somme du
niveau de la mer global de la variabilite´ re´gionale locale et du mouvement vertical de
la crouˆte terrestre a` la coˆte) dans les re´gions vulne´rables pour les dernie`res de´cennies ?
29. Quelle est la contribution de l’augmentation du niveau de la mer a` l’e´rosion des
coˆtes ? Est elle significative compare´e aux autres facteurs naturels ou anthropiques
d’e´rosion ?
30. Y a t-il un seuil dans la vitesse d’augmentation du niveau de la mer a` partir duquel
les facteurs d’e´rosion locaux deviennent secondaires ?
31. Est on capable de fournir aux de´cideurs et aux e´lus des projections fiables du niveau
de la mer relatif pour les prochaines de´cennies ?
1.6 Re´sume´ des variations du niveau de la mer : les
observations, les causes et les projections
Dans les chapitres suivants nous pre´sentons nos travaux de the`se et les e´le´ments de
re´ponse qu’ils apportent aux questions scientifiques n˚ 6, 7, 8, 9, 10, 11, 13, 14, 20, 21, 22,
23, 28, 29 et 30 de la liste ci-dessus. Ce sont les questions scientifiques qui portent sur la
variabilite´ re´gionale du niveau de la mer, ses causes, ses origines et les impacts associe´s.
Auparavant nous proposons un article de synthe`se sur les variations passe´es et actuelles
du niveau de la mer et ses causes, que nous avons publie´ dans le journal ”Journal of
Geodynamics” en Mars 2012. Cet article s’intitule ”Sea level : a review of present-day and
recent-past changes and variability”. Il re´sume le chapitre 1.
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a b s t r a c t
In this review article, we summarize observations of sea level variations, globally and regionally, during
the 20th century and the last 2 decades. Over these periods, the global mean sea level rose at rates of
1.7mm/yr and 3.2mm/yr respectively, as a result of both increase of ocean thermal expansion and land
ice loss. The regional sea level variations, however, have been dominated by the thermal expansion factor
over the last decades even though other factors like ocean salinity or the solid Earth’s response to the
last deglaciation can have played a role. We also present examples of total local sea level variations
that include the global mean rise, the regional variability and vertical crustal motions, focusing on the
tropical Pacific islands. Finally we address the future evolution of the global mean sea level under on-
going warming climate and the associated regional variability. Expected impacts of future sea level rise
are briefly presented.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
Sea level variations spread over a very broad spectrum.
The largest global-scale sea level changes (100-200m in ampli-
tude) occurred on geological time scales (on the order of ∼100
million years) and depended primarily on tectonic processes
∗ Corresponding author.
E-mail address: benoit.meyssignac@legos.obs-mip.fr (B. Meyssignac).
(e.g. large-scale change in the shape of ocean basins associated
with seafloor spreading and mid-ocean ridges expansion) (e.g. Haq
and Schutter, 2008; Mueller et al., 2008; Miller et al., 2011). With
the formation of the Antarctica ice sheet about 34 million years
ago, global mean sea level dropped by about 50m. More recently,
cooling of the Earth starting about 3 million years ago, led to
glacial/interglacial cycles driven by incoming insolation changes
in response to variations of the Earth’s orbit and obliquity (Berger,
1988). Corresponding growth and decay of northern hemisphere
ice caps on time scales of tens of thousand years produced large
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oscillations of the global mean sea level, on the order of >100m
(e.g. Lambeck et al., 2002; Rohling et al., 2009; Yokoyama and Esat,
2011). On shorter (decadal to multi centennial) time scales sea
level fluctuations are mainly driven by climate change in response
to natural forcing factors (e.g. solar radiation variations, volcanic
eruptions) and to internal variability of the climate system (related
for example to atmosphere–ocean perturbations such as El Nin˜o-
Southern Oscillation – ENSO, North Atlantic Oscillation – NAO,
PacificDecadal Oscillation – PDO). Since the beginning of the indus-
trial era, about two centuries ago, mean sea level is also responding
to anthropogenic global warming. In effect, sea level is a very sen-
sitive index of climate change and variability. For example, as the
ocean warms in response to global warming, sea waters expand,
and thus sea level rises. As mountain glaciers melt in response to
increasing air temperature, sea level rises because of fresh water
mass input to the oceans. Similarly, ice mass loss from the ice
sheets causes sea level rise. Corresponding increase of fresh water
into the oceans changes water salinity, hence sea water density as
well as ocean circulation that in turn affects sea level at a regional
scale. Modification of the land hydrological cycle due to climate
variability anddirect anthropogenic forcing leads to changes inpre-
cipitation/evaporation regimes and river runoff, hence ultimately
to sea level changes. Thus global, regional and local climate changes
affect sea level (e.g. Bindoff et al., 2007).
In this article, we review observations of sea level variations,
globally and regionally, focusing on the 20th century and the last
2 decades (Sections 2–4). We also examine the causes of sea level
variations, anddiscuss successively components of the globalmean
sea level rise over thepast twodecades, and the contributions to the
interannual global mean sea level (Section 5). Regional variability
in sea level is addressed in Sections 6 and 7. In Section 8, we show
examples of total sea level changes measured over the past 5–6
decades. In the last section (Section 9) we briefly address the future
evolution of the global mean sea level under warming climate and
associated regional variability. Concluding remarks are proposed
in Section 10.
2. Paleo sea level (since the last glacial maximum and last
2000 years)
Quaternary ice ages caused large-scale fluctuations of the global
meansea level, of >±100mamplitude, as a result of thegrowingand
decay of northern hemisphere ice caps (Rohling et al., 2009). Since
about 800,000 years, the characteristic periodicity of these fluc-
tuations is ∼100,000 years. At the last glacial maximum, ∼20,000
years ago, global mean sea level was −130m below present level
(Lambeck et al., 2002). Subsequent melting of the northern hemi-
sphere ice caps caused by insolation changes led to sustained sea
level rise during more than 10,000 years, as illustrated in Fig. 1
(from Lambeck et al., 2002). Due to the complex history of ice
cap melting (e.g. Peltier, 2004), the rate of sea level rise was not
constant, as evidenced by several paleo sea level indicators of geo-
logical and biological origin (e.g. coral data, micro-atolls, beach
rocks, notches, etc.). For example, episodes of rapid rise (>1m per
century) have been reported at about −14,000 years (Bard et al.,
2010). At the beginning of the Holocene (11,000 years ago), the
rate of rise decreased significantly and sea level stabilized between
−6000 years and −2000 years ago (Lambeck et al., 2010).
There is no evidence of large fluctuations of the global mean
sea level during the past two millennia. Dating of microfossils in
salt-marsh environments (Lambeck et al., 2010; Kemp et al., 2011)
and archaeological evidence (e.g. from Roman fish tanks, Lambeck
et al., 2004) indicate that sea level rise did not exceed 0.05–0.07m
per century over the past 2000 years (see also Miller et al., 2009).








































Fig. 1. Changes in global ice volume and sea level equivalent from the last glacial
maximum to the present. The figure shows ice-volume equivalent sea level for the
past 20kyr based on isostatically adjusted sea-level data from different localities
(updated from Lambeck et al., 2002 with a revised dataset for the Sunda shelf from
Hanebuth et al., 2009).
sea level evolution of the last two millennia based on salt-marsh
microfossils analyses along the eastern coast of North Amer-
ica. According to this study, sea level was a few decimeters
higher/lower during the Middle Age (12th–14th century)/Little Ice
Age (16th–18th century), but rates of rise remained very low until
the beginning of the industrial era (late 18th to early 19th cen-
tury) when a large upward trend of the mean sea level becomes
well apparent (Kemp et al., 2011; also Gehrels et al., 2005, 2006;
Woodworth et al., 2011a). This epoch corresponds to the beginning
of the instrumental era that allowed direct sea level measurements
with tide gauges (Woodworth et al., 2008, 2011b) and now satel-
lites (e.g. Fu and Cazenave, 2001; Church et al., 2010), unlike during
the previous centuries/millennia for which sea level variations are
deduced indirectly from proxy records.
3. The tide gauge-based instrumental record (20th century)
Theveryfirst tide gaugeswere installed inports of northwestern
Europe to provide information on ocean tides (e.g. Mitchum et al.,
2010). Tide gauges records from Amsterdam (the Netherlands),
Stockholm (Sweden) and Liverpool (UK) extend back to the early to
mid-18th century, while those fromBrest (France) and Swinoujscie
(Poland) started in the early 19th century. In the southern hemi-
sphere, tide gauge records at Sydney and Freemantle (Australia) are
among the longest (starting in the late 19th century). Progressively,
the tide gauge network extended (see for example Fig. 5.2 from
Mitchumetal., 2010)but for long termsea level studies, thenumber
of records remains nevertheless very small and the geographical
spread is quite inhomogeneous. Besides, tide gauge records often
suffer frommulti-year- or evenmulti-decade-long gaps. The sparse
and heterogeneous coverage of tide gauge records, both tempo-
rally and geographically, is clearly a problem for estimating reliable
historical mean sea level variations.
Tide gauges measure sea level relatively to the ground, hence
monitor also ground motions. In active tectonic and volcanic
regions, or inareas subject to stronggroundsubsidencedue tonatu-
ral causes (e.g. sediment loading in river deltas) or human activities
(ground water pumping and oil/gas extraction), tide gauge data
are directly affected by the corresponding ground motions. Post
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Fig. 2. Relative sea level reconstruction for the last 2000 years from salt-marsh data analyses. (From Kemp et al., 2011.)
glacial rebound, the visco-elastic response of the Earth crust to
last deglaciation (also called Glacial Isostatic Adjustment – GIA) is
another process that gives rise to vertical land movement. While
vertical ground motions need to be considered when estimating
total local (relative) sea level change (see Section 8), to compare
observed sea level variationswith climate-related components, the
ground motions need to be subtracted.
To provide a reliable historical sea level time series based on
tide gauge records, various strategies have been developed. Some
authors only considered a few tens of long (>60 years) good quality
tide gauges records from tectonically stable continental and island
coasts, and corrected the data for GIA only (e.g. Douglas, 1991,
2001; Peltier, 2001; Holgate, 2007). Other authors used a larger
set of records from a variety of regions, covering different time
periods, and developed different approaches to derive the mean
sea level curve. For example, Jevrejeva et al. (2006, 2008) used a
regional coherency criterium among tide gauge records in order
to exclude outliers (e.g. tide gauge affected by large local verti-
cal ground motions). Church et al. (2004) and Church and White
(2006, 2011) developed a ‘reconstruction’ method (see Section 6)
to determine a ‘global mean’ sea level curve from sparse tide gauge
records since 1870. In these studies, the only vertical motion cor-
rected for is GIA. Since a few years, the availability of GPS-based
precisepositioning at some tide gauge sites has alloweddirectmea-
surements of vertical ground motion. This is the approach used
by Woppelmann et al. (2007, 2009). GPS-based vertical ground
motions are still based on short records (10–15 year-long only) but
it is generally assumed that these are representative of long-term
trends. In spite of a variety of approaches, the results based from
these studies are rather homogeneous and give a mean rate 20th
century rise in the range of 1.6–1.8mm/yr. The Church and White
(2011)’s tide gauge-basedmean sea level curve since 1870 is shown
in Fig. 3. According to this figure, 20th century sea level rise was
not linear. In fact, interannual to decadal variability (in addition to
shorter-term fluctuations not considered here) are superimposed
on the mean trend. These will be discussed in Section 5.2.
4. The altimetry era
Since the early 1990s, sea level variations are measured by
altimeter satellites (Chelton et al., 2001; Fu and Cazenave, 2001).
The satellite altimetry measurement is derived as follows (see
Fig. 4): the onboard radar altimeter transmits microwave radiation
towards the sea surface which partly reflects back to the satellite.
Measurement of the round-trip travel time provides the height of
the satellite above the instantaneous sea surface. The sea surface
height measurement is deduced from the difference between the
satellite distance to the Earth’s centre of mass (deduced from pre-
cise orbitography) and the satellite altitude above the sea surface
Fig. 3. 20th century sea level curve (in black and associated uncertainty in light
gray) based on past sea level reconstruction using tide gauge data and addi-
tional information (from Church and White, 2011). In the box: altimetry-based sea
level curve between 1993 and 2011 (data from AVISO; http://www.aviso.oceanobs.
com/en/data/products/sea-surface-height-products/global/msla/index.html) (blue
points: data at 10-day interval; the red curve is based on a 3-month smoothing
of the blue data).
Fig. 4. Principle of the satellite altimetry measurement.
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Fig. 5. Earth’s coverage by the Topex/Poseidon, Jason-1 and Jason-2 altimeter satel-
lites during an orbital cycle of 10 days.
(deduced from the radar altimeter measurement). The sea surface
height measurement needs to be corrected for various factors due
to ionospheric and tropospheric delay, and for biases between the
mean electromagnetic scattering surface and the sea surface at the
air-sea interface. Other corrections due geophysical effects, such
as solid Earth, pole and ocean tides are also applied. Altimeter
satellites cover the whole Earth surface within a few days – called
orbital cycle (see Fig. 5). Geographical averaging of all individual
sea surface heights measurements during an orbital cycle allows
determining a global mean sea level value, and further construct-
ing a global mean sea level time series. As the satellite flies over
the same areas from one orbital cycle to another, it is also possible
to construct a ‘local’ sea level time series, hence deduce regional
variability in sea level.
High-precision satellite altimetry began with the launch of the
Topex/Poseidon satellite in 1992 and its successors, Jason-1 (2001)
and Jason-2 (2008). Theprecisionof an individual sea surfaceheight
measurement based on thesemissions has now reached the 1–2 cm
level (e.g. Nerem et al., 2010; Beckley et al., 2010; Mitchum et al.,
2010). Precision on the global mean rate of rise is currently of
∼0.4–0.5mm/yr. This value is based on error budget analyses of
all sources of error affecting the altimetry system or on compar-
isons with tide gauge-based sea level measurements (e.g. Ablain
et al., 2009). In Fig. 3, the altimetry-based global mean sea level
curve since early 1993 is superimposed on the tide-gauge-based
20th century sea level curve. We note an almost linear increase
(except for temporary anomalies associated with the 1997/1998 El
Nin˜o and the 2007/2008 and 2010/2011 La Nin˜a events). Over this
18 year-long period, the rate of global mean sea level rise amounts
to 3.2±0.5mm/yr (e.g. Cazenave and Llovel, 2010; Nerem et al.,
2010;Mitchumetal., 2010). This rate is significantlyhigher than the
meanrate recordedby tidegaugesover thepastdecades, eventually
suggesting sea level rise acceleration (Merrifield et al., 2009).
5. Causes of present-day GMSL changes
5.1. Global mean rise
The main factors causing current global mean sea level rise are
thermal expansion of seawaters, land ice loss and freshwatermass
exchange between oceans and land water reservoirs. The recent
trends of these contributions most likely result from global climate
change induced by anthropogenic greenhouse gases emissions.
5.1.1. Ocean warming
Analyses of in situ ocean temperature data collected over the
past 50 years by ships and recently by Argo profiling floats (Argo
Data Management Team, 2008; Roemmich et al., 2009) indicate
that ocean heat content, and hence ocean thermal expansion, has
significantly increased since 1950 (e.g. Levitus et al., 2009; Ishii and
Kimoto, 2009; Domingues et al., 2008; Church et al., 2011a). Ocean
warming explains about 30%–40% of the observed sea level rise of
the last fewdecades (e.g. Church et al., 2011b). A steep increasewas
observed in thermal expansion over the decade 1993–2003 (e.g.
Lyman et al., 2010; Levitus et al., 2009; Ishii and Kimoto, 2009),
but since about 2003, thermal expansion has increased less rapidly
(Lyman et al., 2010; Llovel et al., 2010; von Schuckmann and Le
Traon, 2011). The recent slower rate of steric rise likely reflects
short-term variability rather than a new long-term trend. On aver-
age, over the satellite altimetry era (1993–2010), the contribution
of ocean warming to sea rise accounts for ∼30% (Cazenave and
Llovel, 2010; Cazenave and Remy, 2011; Church et al., 2011b).
5.1.2. Glaciers melting
Being very sensitive to global warming, mountain glaciers and
small ice caps have retreatedworldwide during the recent decades,
with significant acceleration since the early 1990s. From mass bal-
ance studies of a large number of glaciers, estimates have been
made of the contribution of glacier ice melt to sea level rise (Meier
et al., 2007; Kaser et al., 2006). For the period 1993–2010, glaciers
and ice caps have accounted for ∼30% of sea level rise (e.g. Cogley,
2009; Steffen et al., 2010; Church et al., 2011b).
5.1.3. Ice sheets
While little was known before the 1990s on the mass balance of
the ice sheets because of inadequate and incomplete observations,
different remote sensing techniques available since then (e.g. air-
borne and satellite radar and laser altimetry, Synthetic Aperture
Radar Interferometry – InSAR, and since 2002, space gravimetry
from the GRACE mission) have provided important results on the
changingmassofGreenlandand (west)Antarctica (e.g.Allisonet al.,
2009). These data indicate that both ice sheets are currently losing
mass at an accelerated rate (e.g. Steffen et al., 2010). Most recent
mass balance estimates from space-based observations unambigu-
ously show ice mass loss acceleration in the recent years (e.g. Chen
et al., 2009; Velicogna, 2009; Rignot et al., 2008a, b, 2011). For the
period 1993–2003, <15% of the rate of global sea level rise was due
to the ice sheets (IPCC AR4). But their contribution has increased
up to ∼40% since 2003–2004. Although not constant through time,
on average over 2003–2010 ice sheets mass loss explains ∼25% of
the rate of sea level rise (Cazenave and Remy, 2011; Church et al.,
2011a).
There is more and more evidence that recent negative ice sheet
mass balance mainly results from rapid outlet glacier flow along
some margins of Greenland and West Antarctica, and further ice-
berg discharge into the surrounding ocean (Alley et al., 2007, 2008;
Steffen et al., 2010). This dynamical thinning process is generally
observed in coastal regions where glaciers are grounded below sea
level (e.g. in northeast and southwest Greenland, and Amundsen
Sea sector, West Antarctica). Thinning and subsequent break-up of
floating ice tongues or ice shelves that buttressed the glaciers result
in rapid grounding line retreat and accelerated glacier flow. Several
recent observations have shown that warming of subsurface ocean
waters could trigger these short-term dynamical instabilities (e.g.
Holland et al., 2008).
Fig. 6 (updated from Cazenave and Llovel, 2010) compares the
observed global mean sea level rise to the different components
and their sum over the altimetry era.
5.2. Interannual variability of the global mean sea level
If the (linear) global mean trend is removed from the altimetry-
based sea level curve shown in Fig. 3, significant interannual
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Fig. 6. Observed sea level fromsatellite altimetryover1993–2010 (blue solid curve).
Thermal expansion (red curve; mean value based on temperature data from Levitus
et al., 2009; Ishii and Kimoto, 2009). Contribution from Greenland and Antarctica
(cyan curves) andglaciers (green curve). Theblack curve represents the total land ice
contribution while the blue dotted curve represents the total climatic contribution
(sum of thermal expansion and land ice) (updated from Cazenave and Llovel, 2010).
variability is visible in the (detrended) globalmean sea level (Fig. 7).
Nerem et al. (2010) noticed that this detrended global mean sea
level is highly correlated with ENSO, with positive/negative sea
level anomalies observed during El Nin˜o/La Nin˜a. For example,
in Fig. 7 a large positive anomaly in the global mean sea level,
of several mm amplitude, is observed during the 1997–1998 El
Nin˜o (the warm phase of ENSO) and negative anomalies during
the 2007–2008 La Nin˜a (ENSO cold phase). The ENSO influence
on the global mean sea level might result from changes in either
global ocean heat content or global ocean mass. Llovel et al. (2011)
reported that interannual global mean sea level variations are
inversely correlated with ENSO-driven variations of global land
water storage (with the Amazon basin as a dominant contributor to
the latter), thus favouring the second option. In Fig. 7, the total land
water storage – expressed in equivalent sea level (updated from
Llovel et al., 2011) – is superimposed to the detrended global mean
sea level. Ahigh correlation (0.7) is noticedbetween the twocurves.
This correlationcanbeunderstoodas follows:ENSOeventsproduce
large scale changes in precipitation regimes in the tropics, with
more rainfall over oceans and less rainfall over land during El Nin˜o,
and opposite variations during La Nin˜a (e.g. Gu and Adler, 2011).
Recent investigations suggest in addition that positive/negative
global mean sea level anomalies during El Nin˜o/La Nin˜a essentially
result from positive/negative mass anomalies in the north tropical
Pacific Ocean, possibly associated with reduced/increased trans-
port of Pacific waters into the Indian Ocean through the Indonesian
straits (Cazenave et al., under revision).
6. Causes of present-day and past-decade regional
variability
The global coverage of satellite altimetry allows mapping the
regional variability of the sea level rates. This has led to the dis-
covery that sea level rise is far from being uniform. In some regions
(e.g. western Pacific), the rates of sea level rise have been faster by a
factor up to 3–4 the global mean rate over the past two decades. In
other regions rates are slower than the globalmean or even slightly
negative (e.g. eastern Pacific). Fig. 8a shows the altimetry-based
spatial trend patterns in sea level over 1993–2010. This variability
is emphasized when we remove the global mean sea level trend of
3.2mm/yr (Fig. 8b). In some regions such as thewestern and north-
ern Pacific, the southern Indian Ocean or south of Greenland, the
local departures from the global mean trend are so large that they
actually dominate the sea level rate signal over the short period
1993–2010. Besides the global mean sea level rise and its causes, it
is essential to understand the regional variability in sea level rates
(i.e. its evolution with time and space and its drivers) if we want
to assess for example the potential impacts of the sea level rise in
coastal areas.
All processes that influence the global mean sea level (see Sec-
tion 5.1) actually exhibit a time and space varying signature. For
example, local changes in the ocean temperature and salinity fields
lead to local sea level changes through associated variations of the
Fig. 7. Detrended global mean sea level curve (from satellite altimetry) over 1993–2010 (in red); total land water storage (noted TWS) expressed in equivalent sea level
(black dashed curve) (updated from Llovel et al., 2011).
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Fig. 8. (a) spatial trend patterns in sea level from satellite altimetry data over 1993–2010. (b) Spatial trend patterns in sea level from satellite altimetry data over 1993–2010
but with the global mean trend of 3.2mm/yr removed. (c) Spatial trend patterns in thermosteric sea level over 1992–2010. (data from Levitus et al., 2009) (global mean trend
removed).
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water columns density and volume (thermosteric and halosteric
effects respectively) (Bindoff et al., 2007; Wunsch et al., 2007;
Lombard et al., 2009; Levitus et al., 2009). These variations are
tightly linked to atmosphere–ocean interactions (mostly through
wind stress, especially in the tropical Indo-Pacific region, but also
through exchanges of heat and freshwater) and associated changes
in the ocean flow field (Kohl and Stammer, 2008; Timmermann
et al., 2010). Hence they produce regional variability in the rates of
sea level change.
Ongoing land ice melting also gives rise to regional variability
in sea level change. This comes from two processes. First the influx
of freshwater in the ocean from land changes the density struc-
ture of the ocean and hence the ocean circulation (Stammer, 2008;
Stammer et al., 2011). This results in regional dynamical adjust-
ments of the sea level on inter-annual to multi-decadal time scales
(Okumura et al., 2009; Stammer, 2008; Stammer et al., 2011). Sec-
ond, the transfer of water mass from land into the ocean induced
by land ice loss causes an elastic response of the solid Earth that
deforms ocean basins. In addition, this mass redistribution pro-
duces changes of the geoid (an equipotential of the Earth’s gravity
field that coincides with the mean sea level) and of the Earth’s
rotationwith a gravitational feedback. These processes (large-scale
deformations of the ocean basins and gravitational changes) give
rise to regional variability in sea level (Gomez et al., 2010; Milne
et al., 2009; Mitrovica et al., 2001, 2009; Tamisiea and Mitrovica,
2011). Such effects associated with present-day land ice loss are
still small and hard to detect in the altimetry-based observations of
regional variability (Kopp et al., 2010). However, future land ice loss
may produce large changes in regional sea level (Mitrovica et al.,
2009; Slangen et al., 2011).
The gravitational and deformational (i.e. change in shape
of ocean basins) effects associated with the visco-elastic Earth
response to the last deglaciation (GIA) also produce non uniform
sea level rise, in particular in the vicinity of regions occupied by the
continental ice caps that covered the northern hemisphere dur-
ing the Last Glacial Maximum (∼20,000 years ago). But far-field
sea level changes also occur (Milne and Mitrovica, 2008; Mitrovica
et al., 2001; Tamisiea and Mitrovica, 2011).
Other phenomena such as erosion, deposition and compaction
of sediments play some role locally, through the response of
ocean floor to loading (Blum and Roberts, 2009). Finally the defor-
mation of the Earth due to convective flow of the mantle and
tectonic processes (with the exception of earthquakes) can add
an extra contribution to sea level rates at regional scale but
it is very low on average (<0.1mm/yr in sea level equivalent,
Moucha et al., 2008).
During the altimetry era (since 1993), the main contribution
to the regional variability in sea level rise comes from the ocean
temperature and salinity changes (Bindoff et al., 2007). This is
evidenced by the comparison between altimetry-based and steric
(i.e. the sum of thermosteric and halosteric effects) trend pat-
terns deduced from in situ hydrographic measurements (Ishii and
Kimoto, 2009; Levitus et al., 2009; Lombard et al., 2005a, b) and
ocean circulation models (OGCMs) outputs (Wunsch et al., 2007;
Kohl and Stammer, 2008; Carton and Giese, 2008; Lombard et al.,
2009). This is illustrated in Fig. 8c showing the thermosteric trend
patterns over 1993–2010 (sea level trends due to temperature vari-
ations only) computed fromhydrographicmeasurements collected
by ships and Argo profiling floats (data from Levitus et al., 2009).
This figure shows that the thermosteric component is the most
important contribution to the observed sea level regional variabil-
ity. OGCM runs with or without data assimilation confirm that
point. However salinity changes also play some role at regional
scale, e.g. in the Atlantic ocean, partly compensating tempera-
ture effects (e.g. Wunsch et al., 2007; Kohl and Stammer, 2008;
Lombardet al., 2009). It isworthnoticinghowever that steric effects
estimated in open oceans may be significantly different from those
estimated in adjacent coastal zones because of the presence of
boundary currents (Bingham and Hughes, 2012).
In the tropics, thermosteric trends are principally caused by
changes in the surface wind stress and associated changes in the
ocean circulation, hence heat redistribution (Timmermann et al.,
2010; Merrifield and Maltrud, 2011). Merrifield (2011) noticed
that in the most western part of the tropical Pacific, trade winds
increased in the early 1990s, leading to a large upward trend in sea
level in that region.
Prior to the altimetry era, very sparse measurements of sea
level are available because it was only monitored by tide gauges
on coastal areas. Moreover, for historical reasons, the tide gauge
dataset is largely biased towards the northern hemisphere, leav-
ing large gaps in the southern hemisphere. Hence it is not possible
to get a satisfactory global picture of the regional variability in sea
level over the past decades from the tide gauge records alone.
One approach to get information on the regional variability in
sea level over the last 5 decades consists of analysing sea level time
series produced by ocean circulation models and ocean reanalyses
(i.e. OGCMs with data assimilation) (e.g. Carton and Giese, 2008;
Kohl and Stammer, 2008). OGCMs and ocean reanalyses deduce
sea level from the sum of the thermosteric and halosteric compo-
nents, to which is added a small barotropic component. This allows
mapping the spatio-temporal behaviour of both temperature and
salinity contributions to the sea level under a prescribed external
meteorological forcing. Over the altimetry era, OGCMs and ocean
reanalyses reproduce fairly well the regional variability in sea level
trends observed by altimetry. They confirm the thermosteric origin
of the patterns (Wunsch et al., 2007; Lombard et al., 2009) and the
predominant role of the wind stress in their formation (Kohl and
Stammer, 2008; Timmermann et al., 2010).
Over the past 5–6 decades, however, the sea level trend pat-
terns are quite different from those observed over the altimetry
erawithmuch lower amplitude (on the order of 3–4 times smaller).
On such time scales, the predominant contribution of wind-driven
thermosteric effects still holds (Kohl and Stammer, 2008) in par-
ticular in the tropical Pacific (Timmermann et al., 2010) and Indian
Ocean (Han et al., 2010).
Another approach that partly relies on tide gauge data was
developed in the recent years to derive spatial sea level trend pat-
terns before the altimetry era (i.e. last 5–6 decades). It combines
information from the tide gaugeswith spatial patterns fromaltime-
try or OGCMs (e.g. Church et al., 2004; Berge-Nguyen et al., 2008;
Llovel et al., 2009;ChurchandWhite, 2011;Hamlingtonet al., 2011;
RayandDouglas, 2011;Meyssignac et al., inpress-a).UnlikeOGCMs
and ocean reanalyses, this approach (called past sea level recon-
struction) does not allow separating the various contributions (e.g.
from temperature and salinity) to the sea level. But, since it uses
tide gauge observations, it is expected to carry more information
on the regional variability thanOGCMs, and thus is complementary
to the latter.
Thismethod interpolates (in anoptimalway) the long tidegauge
records with Empirical Orthogonal Functions (EOFs here after;
Preisendorfer, 1988) representative of the principal modes of vari-
ability of the ocean deduced from the altimetry record or OGCMs
(see Kaplan et al., 1998, 2000 for more details on the method). It
gives 2-dimensional past sea level reconstructions back to around
the early 1950s. Reconstructions are then evaluated by compar-
ison with independent tide gauge records that were not used in
the reconstruction process. Fig. 9 shows the reconstructed sea level
trend patterns over 1960–2009 from Meyssignac et al. (in press-a)
with and without the global mean sea level trend (Fig. 9a and 9b
respectively).
Reconstruction methods rely strongly on the assumption that
the principal modes of variability of the ocean deduced from the
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Fig. 9. (a) Spatial trend patterns in sea level over 1950–2009 from Meyssignac et al. (in press-a) reconstruction. (b) Spatial trend patterns in reconstructed sea level over
1950–2009 but with the global mean trend of 1.8mm/yr removed.
relatively short altimetry record or from imperfect OGCMs (little
information on the meteorological forcing is available before 1980)
are stationary with time and representative of the modes of vari-
ability of the ocean over the long reconstructed period 1950–2010.
In this respect, each type of reconstruction shows advantages
and drawbacks. Reconstructions based on long EOFs (1958–2007)
computed from OGCMs better capture the low-frequency oceanic
signal. In that sense, they better stick to the assumption of station-
arity. But reconstructions based on the EOFs from altimetry seem
to give more realistic modes of variability of the ocean. Finally the
various reconstructions give more or less similar results and no
case appears to perform better over the globe (Meyssignac et al., in
press-a). Over a given region, the best reconstruction available will
be the reconstruction that compares well with local independent
tide gauge records (see for example Becker et al., 2012).
Despite these differences, all past sea level reconstructions
show, like OGCMs and ocean reanalyses, significantly different
trend patterns over the last 60 years than those observed over
the altimetry era (compare Figs. 8 and 9), with smaller ampli-
tudes (between3and4 times). Comparisonwith thermal expansion
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trends (not shown) indicates that on multidecadal time scale, the
regional variability in sea level rates has also a dominant thermal
origin.
7. Non stationarity of spatial trend patterns and internal
variability of the ocean–atmosphere system
We have seen in the previous section that past sea level either
from OGCMs and ocean reanalyses or reconstructions, exhibit
regional long-term trend patterns (over the last 5–6 decades) that
differ significantly from the short-term ones observed over the
altimetry era. This suggests that contemporary sea level trend pat-
terns (from altimetry) are not long-lived features. This point is
also supported by the thermosteric origin of the sea level regional
variability. Indeed, observationshave shown that thermosteric spa-
tial patterns are not stationary but fluctuate in time and space
in response to driving mechanisms such as ENSO, NAO, and PDO.
(Lombard et al., 2005a; Di Lorenzo et al., 2010; Lozier et al., 2010).
Thus thermosteric trendpatterns andhence regional sea level trend
patterns are expected to be different prior to the altimetry era com-
pared to those observed over the altimetry period, as confirmed by
OGCMs, reanalyses and reconstructions.
Past sea level reconstructions by Meyssignac et al. (in press-
b) have shown that in the Pacific ocean, altimetry era patterns
can be observed in the past at various periods with a changing
amplitude. The amplitude appears to fluctuate with time follow-
ing a low-frequency modulation of ENSO. This suggests that the
local regional variability in sea level rates observed by altimetry is
actually tightly linked to natural modes of the climate system. This
link is further confirmed by coupled Atmosphere–Ocean Climate
Model runs (AOCM) without and with external forcing (i.e. anthro-
pogenic greenhouse gas emissionsplus aerosols, volcanic eruptions
and solar radiation changes). Comparisons of model-based sea
level regional variabilitywithout andwith external forcing enabled
Meyssignac et al. (in press-b) to analyze the role of the internal vari-
ability of the climate system with respect to the forcing factors, in
particular the anthropogenic forcing. The impact of the latter on
the observed regional variability of the tropical Pacific is still not
visible suggesting that only the intrinsic variability of the climate
system is still the main driver of the spatial patterns in sea level
observed by satellite altimetry. But further analyses are required
to confirm this.
8. Local sea level changes in a few selected regions
Satellite altimetry provides an absolute sea level measurement
with respect to the Earth’s center of mass while tide gauges,
attached to theEarth’s surface, give relative sea levelmeasurements
that include vertical crustal motions. The latter have a large vari-
ety of causes, e.g. GIA, tectonic and volcanic activity causing either
uplift or subsidence, ground subsidence due to sediment loading
(in particular in large river deltas) or due to ground water and
hydrocarbon extraction, etc. (Milne et al., 2009;Woppelmann et al.,
2009). If one is interested in estimating sea level change at a given
site, it is the ‘total’ relative sea level that needs to be considered.
The word ‘total’ here means the sum of two components: (1) the
climatic component expressed by the sum of the global mean rise
plus the regional variability discussed above, and (2) the vertical
crustal motion component. Recent studies have shown that each of
these components (and their sum) can give rise to very large devi-
ation of local sea level change with respect to the global mean (see
for example Braitenberg et al., 2011 or Fenoglio-Marc et al., 2012;
Ballu et al., 2011; Becker et al., 2012).
Using GPS precise positioning, Ballu et al. (2011) showed that
the Torres islands (north Vanuatu, southwest Pacific) experienced
Fig. 10. Total rate of sea level rise at Guam, Pohnpei, Nauru, Funafuti, Pago Pago,
Papeete, Noumea, Rarotonga and Tarawa estimated over 1950–2009 due to climate
components and vertical crustal motion. The horizontal lines represent the global
mean sea level trend over this period (1.8mm/yr) and its uncertainty range (from
Becker et al., 2012).
very large subsidence (of about−10mm/yr)of seismicoriginduring
the past ∼2 decades. Because of earthquake-related vertical land
motion, the local rate of sea level rise is about three times the
absolute, climate-related sea level rise (of 3.3mm/yrof thatperiod).
Becker et al. (2012) estimated the total relative rate of sea level
change since 1950at selected islands of thewestern tropical Pacific,
as a result of the climate-related sea level change (uniform-global
mean-sea level rise plus regional variability) and vertical crustal
motion estimated from GPS. This allowed them to determine the
amount of “total” sea level change effectively felt by the popula-
tions over the last ∼60 years. They found that at Guam, Pohnpei
and Rarotonga Islands the ‘total’ sea level trend is about equal to
global mean sea level rise (of ∼1.8mm/yr between 1950 and 2010).
At Nauru, Funafuti (Tuvalu), Papeete (French Polynesia), Noumea
(New Caledonia), the ‘total’ sea level trend was found to be sig-
nificantly higher than the global mean. This is illustrated in Fig. 10
(fromBecker et al., 2012). At Funafuti, the capital atoll of the Tuvalu
Archipelago, the total rateof sea level risewas found tobe>5mm/yr
over the last 60 years. This corresponds to a sea level elevation of
∼30 cmduring this time span. These results corroborate that at this
particular location, sea level rise is not insignificant – as felt by the
population, even if such a rate does not necessarily produce shore-
line erosion as shown by Webb and Kench (2010). In effect, other
local factors such as changes in sediment deposition, coastal waves
and currents are yet the main drivers of shoreline morphological
changes; in the future, higher rates of sea level rise may however
have larger impacts.
9. Global warming and future large-scale sea level changes
There is little doubt that global warming will continue and even
increase during the future decades as green house gas emissions,
the main contributor to anthropogenic global warming, will likely
continue to grow in the future. A recent update by Friedlingstein
et al. (2010) in carbon dioxide (CO2) emissions due to fossil fuel
burning shows a steep increase during the 2000s, even though
global economic crises can produce slight temporary decline. From
the total CO2 emissions due to fossil fuels and cement industry,
plus deforestation and landuse changes (about 9.1Gt/yr presently),
about 45% accumulate into the atmosphere (ocean and vegetation
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uptake accounting for 25% and 30% of CO2 sinks respectively)
(Durand et al., 2011). There are different scenarios of emissions
and responses of the climate system (expressed in terms of radia-
tive forcing andglobal Earth’s temperature increase) for the coming
decades (IPCC, 2007). All correspond to an increase in global mean
sea level during the 21th century and beyond because of expected
continuing ocean warming and land ice loss (e.g. Meehl et al.,
2007). IPCC AR4 projections indicated that sea level should be
higher than today’s value by ∼40 cm by 2100 (within a range of
±15 cm due to model results dispersion and uncertainty on emis-
sions) (Meehl et al., 2007). After the publication of the IPCC 4th
Assessment Report, it has been suggested that this value could
be a lower bound because the climate models used at that time
essentially accounted for ocean warming, glaciers melting and ice
sheet surfacemassbalanceonly. Asdiscussedabove, a largepropor-
tion of current Greenland and West Antarctica ice mass loss results
from coastal glacier flow into the ocean through complex dynami-
cal instabilities. Such processes became quite active during the last
decade and were not taken into account in IPCC AR4 sea level pro-
jections. Recent studies have thus suggested that ice sheet mass
loss could represent a much larger contribution than expected to
future sea level rise. For example, Pfeffer et al. (2008) infer possi-
ble contributions to 2100 sea level of 16 cm–54cm for Greenland
and 13 cm–62cm for Antarctica (although preferred values by
these authors are 16 cm and 15 cm for Greenland and Antarctica
respectively). Extrapolating the presently observed acceleration of
Greenland and Antarctica ice mass loss, Rignot et al. (2011) suggest
a total (Greenland plus Antarctica) contribution to sea level rise of
∼56 cm by 2100.
Clearly, the total land ice contribution to 21st century sea level
rise remains highly uncertain. But values around 40–50 cmby 2100
may not be ruled out for the sum of glaciers and ice sheets contrib-
utions. If we add the ocean warming contribution (in the range
10–40 cm; IPCC, 2007), global mean sea level could eventually
exceed present-day elevation by 50–80 cm.
Alternative approaches based on semi-empiricalmodeling have
been proposed to estimate sea level rise in the 21st century (e.g.
Rahmstorf et al., in press; Jevrejeva et al., 2010, 2011). These are
based on simple relationships established for the 20th century (or
longer time spans) between observed global mean sea level rate
of rise and observed global mean Earth’s temperature (or radia-
tive forcing). Using global mean temperature projections (the most
precisely modeled climate parameter by coupled climate models)
or radiative forcing, future global mean sea level can be extrapo-
lated using the simple relationship valid for the past. This method
leads to higher ranges of sea level rise by 2100 than climate model
projections. Such a discrepancy remains so far poorly understood.
Present-day sea level rise is not uniform. This is also expected
for the future. Geographical patterns of future sea level changes are
dominated by non uniform steric effects (i.e. ocean thermal expan-
sion and salinity changes) (e.g. Pardaens et al., 2010;Yin et al., 2010;
Suzuki and Ishii, 2011). Although some differences in projected
regional variability exist among the different coupled climatemod-
els, the patterns agree ratherwell. Ensemblemeans indicate higher
sea level rise (with respect to the global mean) in the Arctic ocean
due less salty waters caused by fresh water input in that region
(fromsea icemelting andGreenland ice loss increasedprecipitation
ad Arctic river runoff). Strong compensation between thermosteric
and halosteric effects is predicted in the Atlantic Ocean, with a
slight dominating effect from thermal expansion. In the Southern
Ocean, at latitudes centered near 60◦S, there is a tendency for sea
level fall compared to the global mean, just south of a band of sea
level rise; suchadipole-likebehaviour is associatedwith changesof
the Antarctic Circumpolar Current. In the Indian Ocean, projections
generally indicate sea level to rise slightly higher than the global
mean.
Other factors give rise to regional variability, in particular grav-
itational effects and solid Earth’s viscoelastic or elastic response
to large-scale water mass redistribution associated with past and
on-going land ice melt (see Section 6). For the first time, these
factors have been taken into account in regional sea level projec-
tions for different scenarios of future climate warming (Slangen
et al., 2011). These authors indeed model local relative sea level
rise accounting for steric effects plus last deglaciation-induced GIA
andadditional deformational andgravitational effects due to future
land ice melt. While steric effects dominate the regional variabil-
ity as in the IPCC AR 4 projections, past and on-going land ice
melt can lead to strong deviation around the global mean rise
in the vicinity of the melting bodies where negative sea level
changes are noticed. In some regions of the Arctic Ocean, this
Fig. 11. Individual contributions (from an ensemble mean of 12 climate models) to regional (relative) sea level changes for the decade 2090–2099 relative to 1980–1999
and A1B warming scenario (i.e. global mean Earth’s temperature increase of +2.8 ◦C over this period range; IPCC, 2007. Upper left panel: future ice sheet melting; upper right
panel: glacier melting; lower left panel: steric effects; lower right panel: GIA effect. (from Slangen et al., 2011).
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Fig. 12. Maps of the regional sea level variability (in m) between 1980–1999 and
2090–2099 (ensemblemeanof∼12climatemodels) due the sumofall factors shown
in Fig. 11, for three different warming scenarios: A1B (top panel), B1 (1.8 ◦C mean
temperature increase) – middle panel, and A2 (+3.4 ◦C mean temperature increase)
– lower panel. Global mean rise included (amounting ∼50 cm for A1B, ∼40 cm for
B1 and 55 cm for A2) (from Slangen et al., 2011).
factor compensates sea level rise due to freshening. Fig. 11 from
Slangen et al. (2011) shows individual contributions (i.e. future
ice sheet and glacier melting, last deglaciation – induced GIA and
steric effects) to regional (relative) sea level changes for the decade
2090–2099 relative to 1980–1999 and A1B warming scenario (i.e.
globalmeanEarth’s temperature increaseof +2.8 ◦Cover this period
range; IPCC, 2007). These maps are based on an ensemble mean
of 12 climate models. The corresponding global mean rise in this
case is ∼50 cm. But local relative sea level rise ranges from ∼−4m
(nearby the ice sheets) to +80 cm. Fig. 12, also from Slangen et al.
(2011), presentsmaps of the regional variability (ensemblemeanof
∼12 climate models) due the sum of all factors and three different
warming scenarios: A1B as for Fig. 11, B1(+1.8 ◦C mean temper-
ature increase), and A2 (+3.4 ◦C mean temperature increase). As
in Fig. 11, the global mean rise is included in Fig. 12 (amounting
∼40 cm for B1 and 55 cm for A2). These figures clearly demonstrate
theutmost importanceof regional variabilityof the ratesof sea level
change.
10. Outlook
Particular attention has been paid to the sea level rise prob-
lem during the recent years because it clearly represents a major
threat of global warming. The physical impacts of sea level rise on
coastal zones are well identified (Nicholls et al., 2007; Nicholls and
Cazenave, 2010; Nicholls, 2010). The immediate effect is submer-
gence and increased flooding of coastal land, as well as saltwater
intrusion of surface waters. Longer-term effects also occur as the
coast adjusts to the new conditions, including increased erosion
and saltwater intrusion into groundwater. The coastal impacts
are primarily produced by relative sea level rise as the sum of
climate-related and non climate-related processes (as discussed
above). For example, relative sea level is rising more rapidly
than climate-induced trends on subsiding coasts. In many regions,
human activities are exacerbating subsidence on susceptible coasts
including most river deltas (e.g. the Ganges–Brahmaputra and
Mekong deltas, Ericson et al., 2006). During the 20th century, sev-
eral near coastal megacities have suffered ground subsidence of
several meters because of groundwater withdrawal (e.g. Phien-
wej et al., 2006). The non-climate components of sea level change
have in general received much less attention than climate com-
ponents, because they are considered as a local issue. However,
they are so common that they need to be studied more systemati-
cally. Besides the very local issues, regional variability of sea level
change due to ocean thermosteric and halosteric factors may con-
siderably amplify the global mean rise. This was the case over the
past few decades in the low islands such as the Tuvalu or in the
future in the Maldives island region in the Indian Ocean. As we
have discussed above, additional factors such as changes in shape
of ocean basins because of land ice loss and water mass redistribu-
tion are additional causes of regional variability. The combination
of all these factors produces complex regional sea level patterns
with important deviation with respect to the global mean rise in
some areas.
Until recently, the consequences of anthropogenic globalwarm-
ing on sea level were essentially addressed in terms of the global
mean trend. However, more and more consideration is given to
the large-scale regional variability and to more local factors (of
non climatic origin). While the latter are difficult – if not impos-
sible – to predict, significant progress has been made recently to
provide realistic regional sea level projections that account for
the climate-related contributions and associated large-scale water
mass redistribution. Such new projections should help to develop
realistic climate mitigation policies for coastal management and
adaptation to future climate change. In parallel, sustained and
systematic monitoring of sea level and other climate parameters
causing sea level rise (ocean heat content, land ice loss, etc.) from
space-based and in situ observing systems is crucial (e.g. Wilson
et al., 2010). This will help in improving our understanding of
present-day sea level rise and variability, and ultimately will con-
tribute to improve model projections of future sea levels.
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Chapitre 2
La variabilite´ re´gionale du niveau de
la mer
Au cours de cette the`se, nous nous sommes inte´resse´s, dans un premier temps, aux
questions scientifiques du groupe (a) et (b) (voir section 1.5) qui portent sur les observa-
tions du niveau de la mer et ses contributions. Nous nous sommes focalise´s sur la vari-
abilite´ re´gionale, c’est a` dire le signal du niveau de la mer auquel on retire la tendance
moyenne globale de 3.2 mm.a-1. Nous avons e´tudie´ en particulier deux pe´riodes : la pe´riode
altime´trique (1993-2011) et les dernie`res de´cennies (depuis 1950).
Sur la pe´riode altime´trique, nous avons une mesure pre´cise de la variabilite´ re´gionale
du niveau de la mer graˆce a` la couverture globale des satellites altime´triques (voir section
1.2.2) et nous disposons aussi de mesures globales de la contribution ste´rique (tempe´rature
et salinite´) avec les mesures XBT et CTD. De plus, depuis ∼2004, les mesures de la
contribution ste´rique ont une couverture spatiale et temporelle quasi-homoge`ne graˆce aux
donne´es Argo, ce qui donne une bonne estimation de la variabilite´ re´gionale du niveau de la
mer ste´rique. Depuis 2002 la mission gravime´trique GRACE donne aussi une estimation de
la variabilite´ re´gionale de la masse de l’oce´an. En comparant et combinant ces diffe´rentes
informations nous avons cherche´ a` re´pondre aux questions scientifiques n˚ 7, 11, 13, 14,
20, 21, 22 et 23 (questions de la section 1.5 qui traitent des contributions a` la variabilite´
re´gionale du niveau de la mer). C’est ce que nous pre´sentons dans la section 2.1.
Sur les dernie`res de´cennies (1950-2011), nous disposons seulement des mare´graphes
comme mesures des variations du niveau de la mer. Cela donne tre`s peu d’informations sur
la variabilite´ re´gionale du niveau de la mer aux e´chelles inter-annuelles a` multi-de´cennales
du fait de leur mauvais e´chantillonnage spatial. Les seules sources d’informations sur la
variabilite´ re´gionale a` ces e´chelles sont les OGCMs ou les reconstructions 2D du niveau de
la mer. Cependant chacune de ces deux techniques a des de´fauts et leurs re´sultats pre´sentent
des diffe´rences. Cela soule`ve des interrogations sur les estimations de la variabilite´ re´gionale
produites et empeˆche de donner une re´ponse claire a` des questions comme les questions
scientifiques n˚ 6, 7, 8, 9, 21, 22, 28, 29 (questions de la section 1.5 qui traitent de la
variabilite´ re´gionale du niveau de la mer). Nous pre´sentons dans la section 2.2 une nouvelle
technique de reconstruction a` 2 dimensions du niveau de la mer qui s’appuie a` la fois sur
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les mare´graphes et sur les OGCMs pour ame´liorer les estimations de la variabilite´ re´gionale
aux e´chelles de´cennales et apporter de nouveaux e´le´ments de re´ponse a` ces questions.
2.1 Durant la pe´riode altime´trique : de 1993 a` 2011
2.1.1 L’expansion thermique
Comme nous l’avons vu dans la section 1.3.1, la variabilite´ re´gionale des tendances du
niveau de la mer sur la pe´riode altime´trique peut eˆtre tre`s forte, voire de´passer de beaucoup
la tendance moyenne globale dans certaines re´gions. Elle pre´sente des structures complexes
(voir Fig. 1.15a), de´termine´es par les processus dynamiques oce´aniques et les effets quasi-
statiques lie´s aux redistributions de masse passe´es et actuelles dans les enveloppes fluides
de la Terre (voir section 1.3.3). Ces effets quasi-statiques ont un impact tre`s faible sur la
variabilite´ re´gionale du niveau de la mer aux e´chelles de temps inter-annuelles a` de´cennales
(voir section 1.3.3 et Tamisiea and Mitrovica [2011] par exemple). Pour cette raison ils n’ont
pas e´te´ de´tecte´s jusqu’a` maintenant dans les donne´es altime´triques qui couvrent seulement
18 ans, de 1993 a` 2011 (Kopp et al. [2010]). En revanche sur cette pe´riode, les processus
dynamiques oce´aniques, qui comprennent les redistributions dynamiques de masses d’eau
et les variations de leurs caracte´ristiques thermo-halines, dominent la variabilite´ re´gionale
des tendances du niveau de la mer. En effet, nous avons vu que, sur la periode altime´trique,
la variabilite´ re´gionale des tendances du niveau de la mer e´tait essentiellement d’origine
ste´rique (voir section 1.3.1 et Levitus et al. [2005, 2009]; Ishii and Kimoto [2009]; Lombard
et al. [2005a,b]). Plus pre´cisement, la variabilite´ re´gionale est domine´e par les variations
thermoste´riques des couches supe´rieures de l’oce´an (0-700 m). Ceci est confirme´ par les
3 jeux de donne´es ste´riques globaux de Levitus et al. [2009]; Ishii and Kimoto [2009];
Domingues et al. [2008] qui prennent en compte les dernie`res corrections des biais XBT et
MBT. En effet, en terme de variabilite´ re´gionale, les trois jeux de donne´es donnent des ten-
dances similaires entre elles et similaires a` l’altime´trie sur la periode altime´trique (voir Fig.
1.15b et Fig. 2.1). Quasiment dans toutes les re´gions du globe, les tendances altime´triques
s’expliquent par les variations thermoste´riques des couches supe´rieures de l’oce´an (Fig.
2.1) excepte´ dans quelques re´gions comme l’oce´an Atlantique et le Sud de l’oce´an Paci-
fique pour lesquelles on observe une le´ge`re compensation par les variations haloste´riques
des couches supe´rieures (voir Fig. 2.1c), et dans le Nord-Est de l’oce´an Atlantique ou` le
signal haloste´rique est intense. Ces re´sultats sont confirme´s par les re´analyses oce´aniques
(mode`les d’oce´an qui assimilent des donne´es, voir Carton et al. [2005];Wunsch et al. [2007];
Ko¨hl and Stammer [2008]) ainsi que par des mode`les d’oce´an sans assimilation mais force´s
par des donne´es atmosphe´riques (Lombard et al. [2009]).
Les variations thermoste´riques des couches supe´rieures de l’oce´an n’expliquent pas seule-
ment les tendances re´gionales du niveau de la mer sur la pe´riode 1993-2011. Elles expliquent
aussi les variations inter-annuelles a` multi-de´cennales de la variabilite´ re´gionale du niveau
de la mer. La Fig. 2.2 pre´sente le mode dominant de variabilite´ du niveau de la mer (Fig.
2.2a) et du niveau de la mer thermoste´rique des 700 premiers me`tres de l’oce´an (Fig. 2.2b,
base´e sur les donne´es de Levitus et al. [2009]) extrait par une analyse en Fonctions Em-
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Figure 2.1 – Diffe´rences entre les tendances du niveau de la mer calcule´es a` partir des donne´es
altime´triques (voir Fig.1.15a) et (a) les tendances du niveau thermoste´rique calcule´es avec les
donne´es de Levitus et al. [2009], (b) les tendances thermoste´riques et (c) ste´riques calcule´es avec
les donne´es de Ishii and Kimoto [2009]. Pour le calcul des hauteurs ste´riques et thermoste´riques
on a utilise´ les couches de 0 a` 700m. Les tendances moyennes globales ont e´te´ re´tire´es de chaque
carte. L’e´chelle de couleur est la meˆme que celle qui a e´te´ utilise´e pour la Fig. 1.15
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piriques Orthogonales -EOF- sur la pe´riode 1993-2011. Les 2 modes dominants sont tre`s
similaires dans toutes les re´gions du globe excepte´ dans le Nord de l’oce´an Atlantique et
dans l’oce´an Austral. De meˆme, les composantes principales associe´es a` ces modes (courbes
noire et bleue sur la Fig. 2.2c) sont fortement corre´le´es (coefficient de correlation de 0.97
avec un niveau de significativite´ -SL- >99%) re´ve´lant que les variations thermoste´riques des
700 premiers me`tres de l’oce´an expliquent les variations du niveau de la mer aux e´chelles
inter-annuelles.
Ces variations sont aussi fortement corre´le´es a` l’indice Southern Oscillation Index -SOI-
qui est un indicateur du mode de climat ENSO. La correlation est de 0.87 (SL>99%) entre
la composante principale du mode 1 du niveau de la mer mesure´ par altime´trie et l’indice
SOI. Elle est de 0.89 (SL>99%) entre la composante principale du mode 1 des donne´es
thermoste´riques et l’indice SOI. Ceci montre qu’aux e´chelles inter-annuelles, la variabilite´
re´gionale du niveau de la mer est largement d’origine thermoste´rique et qu’elle fluctue dans
le temps en suivant des modes de variabilite´ du syste`me climatique tel que ENSO (voir
Lombard et al. [2005a,b]; Levitus et al. [2005]).
Ces re´sultats sont confirme´s sur une periode plus courte, de 2002 a` 2009, pour laquelle on
dispose de donne´es thermoste´riques et haloste´riques a` l’e´chantillonnage plus dense et plus
homoge`ne sur l’ensemble de l’oce´an graˆce au programme Argo. En effet, en analysant 4 jeux
de donne´es Argo (donne´es Argo venant de CLS, SCRIPPS, IPRC et NOAA), Llovel et al.
[2010b] trouvent aussi que les tendances et l’e´volution temporelle de la variabilite´ re´gionale
du niveau de la mer s’expliquent par les variations thermoste´riques des 700 premiers me`tres
de l’oce´an. Ils montrent aussi que ces variations thermoste´riques suivent principalement les
modes de variabilite´ de ENSO et du dipoˆle Indien qui est un autre mode de variabilite´ du
syste`me climatique centre´ sur l’oce´an Indien (Indian Ocean Dipole -IOD- en anglais, voir
Behera et al. [2008]; Schott et al. [2009]).
Il est e´tonnant de constater que la variabilite´ re´gionale du niveau de la mer s’explique
par l’expansion thermique de l’oce´an sur cette pe´riode re´cente de 2002 a` 2009, car sur cette
meˆme pe´riode le re´chauffement de l’oce´an n’a pas pre´sente´ d’accroissement significatif. C’est
d’ailleurs le sujet de la question scientifique n˚ 14 (voir section 1.5). Nous avons vu plus haut
(voir section 1.3.1) qu’entre 2003 et 2009, l’expansion thermique globale de l’oce´an avait
ralenti, n’expliquant plus que 20% a` 30% de l’augmentation globale du niveau de la mer
(Lyman et al. [2010]; Llovel et al. [2010b]; Cazenave and Llovel [2010]) alors qu’elle en
expliquait 50% sur la periode 1993-2003 (voir section 1.3.1 et Bindoff et al. [2007]). Ceci
soule`ve un double proble`me. Comment expliquer d’une part que l’expansion thermique ait
ralentie au cours de la dernie`re de´cennie alors que le niveau de la mer, en moyenne globale,
a continue´ son augmentation au meˆme rythme qu’auparavant ? Comment expliquer d’autre
part que, malgre´ ce ralentissement thermoste´rique global, l’expansion thermique explique
toujours la variabilite´ re´gionale du niveau de la mer ?
C’est ce double proble`me que nous avons analyse´ dans notre e´tude ”Steric sea level
variations over 2004-2010 as a function of region and depth : Inference on the mass com-
ponent variability in the North Atlantic Ocean”. Nous avons choisi pour cela une approche
re´gionale en analysant, bassin par bassin, les niveaux de la mer ste´riques et thermoste´riques.
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2.1 Durant la pe´riode altime´trique : de 1993 a` 2011
Figure 2.2 – Mode n˚ 1 de l’analyse en EOF des champs altime´triques et thermoste´riques (Levitus
et al. [2009]) sur la pe´riode 1993-2010. a) Amplitude spatiale du mode 1 de l’altime´rie (16% de
la variance totale explique´e). b) Amplitude spatiale du mode 1 des donne´es thermoste´riques (9%
de la variance totale explique´e). c) composantes principales des modes 1 de l’altime´trie (courbe
noire) et des donne´es thermoste´riques (courbe bleue) ainsi que l’indice SOI (courbe rouge).
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La variabilite´ re´gionale du niveau de la mer
Re´sume´ de l’article : ”Steric sea level variations over 2004-2010 as a function
of region and depth : Inference on the mass component variability in the North
Atlantic Ocean” (l’article original est inse´re´ a` la fin de cette section 2.1.1) :
Dans cette e´tude, nous avons estime´ les variations du niveau de la mer ste´rique et ther-
moste´rique des oce´ans Indien, Pacifique et Atlantique entre 2004 et 2010 sur 3 couches
de profondeurs diffe´rentes : les couches 0-300 m, 300-700 m et 700-2000 m. Notre objec-
tif e´tait de de´terminer quelles re´gions et quelles couches de l’oce´an e´taient responsables
du ralentissemment du niveau ste´rique global sur la pe´riode 2003-2010 pour amener des
e´le´ments de re´ponse a` la question scientifique n˚ 14. Nous avons montre´, sur cette pe´riode,
que l’oce´an Indien s’est re´chauffe´ de manie`re significative de 0 a` 2000 m contribuant ainsi
a` une hausse du niveau de la mer thermoste´rique global de 1.2 ± 0.4 mm.a-1. En revanche
l’oce´an Atlantique s’est refroidi de 0 a` 2000 m de profondeur, et a contribue´ a` une baisse
du niveau de la mer thermoste´rique global de -1.0 ± 0.35 mm.a-1. L’oce´an Pacifique quand
a` lui s’est le´ge`rement re´chauffe´ ce qui a donne´ une contribution de 0.35 ± 0.25 mm.a-1 au
niveau thermoste´rique global. C’est donc le refroidissement de l’oce´an Atlantique sur la
dernie`re de´cennie qui est responsable du ralentissement global dans le niveau de la mer
thermoste´rique. En se focalisant sur l’oce´an Atlantique, nous avons montre´ de plus que
ce refroidissement s’est accompagne´ d’une augmentation significative de la masse de l’At-
lantique Nord. C’est ce qui explique que la hausse niveau de la mer global sur la dernie`re
de´cennie ne s’est pas ralentie alors que dans le meˆme temps, le niveau thermoste´rique
global diminuait. Enfin on a pu observer dans les oce´ans Indien et Pacifique, que c’est bien
la variabilite´ thermoste´rique inter-annuelle de la couche de surface (0-300 m) qui explique
la majorite´ de la variabilite´ inter-annuelle du niveau de la mer. Meˆme si dans l’oce´an At-
lantique, les couches profondes (300-2000 m) ainsi que les variations de salinite´ jouent un
roˆle non-ne´gligeable, c’est toujours la variabilite´ re´gionale de l’expansion thermique qui
explique celle du niveau de la mer.
En re´sume´, les observations montrent que sur la pe´riode altime´trique, la variabilite´
re´gionale du niveau de la mer (en terme de tendances et de variations inter-annuelles)
s’explique par celle du niveau thermoste´rique des 700 premiers me`tres de l’oce´an. De plus
cette variabilite´ thermoste´rique n’est pas stationnaire. Elle fluctue dans le temps et l’espace
avec les grands modes naturels de variabilite´ du syste`me couple´ oce´an-atmosphe`re tel que
ENSO mais aussi l’oscillation Nord Atlantique -NAO- et l’Oscillation De´cennale Pacifique-
PDO- (Di Lorenzo et al. [2010]; Lozier et al. [2010]; Levitus et al. [2005]; Lombard et al.
[2005a,b]).
Les fluctuations de la variabilite´ thermoste´rique du niveau de la mer sont essentiellement
duˆes aux redistributions de chaleur et de sel provoque´es par les fluctuations des vents en
lien avec les modes de variabilite´ climatiques. Localement les e´changes d’eau douce et de
chaleur entre oce´an et atmosphe`re peuvent aussi jouer un roˆle (Ko¨hl and Stammer [2008];
Piecuch and Ponte [2012]). Par exemple, les fortes tendances positives du niveau de la mer
que l’on observe a` l’Ouest du Pacifique et les tendances ne´gatives a` l’Est du Pacifique sur
la pe´riode 1993-2010 (voir Fig. 1.15) s’expliquent par un renforcement des vents d’Est dans
le Pacifique tropical sur la meˆme pe´riode (Lee and McPhaden [2008]; Timmermann et al.
[2010]; Merrifield [2011]). Dans l’oce´an Indien, Han et al. [2010] ont sugge´re´ aussi que les
tendances du niveau de la mer depuis 1960 s’expliquaient par des changements de vent a`
la surface de l’oce´an eux meˆme lie´s a` des renforcements des cellules de Walker et Hadley
locales.
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[1] We investigate the regional‐ocean depth layer (down to
2000 m) contributions to global mean steric sea level from
January 2004 to March 2010, using Argo‐based ocean tem-
perature and salinity data from the SCRIPPS Oceanographic
Institution database. We find that Indian ocean warming is
almost compensated by Atlantic ocean cooling, so that the
total global mean steric sea level increases only slightly over
the considered period (0.35 ± 0.30mm/yr). Salinity variations
also contribute, at lower rate, to the observed steric com-
pensation. Meanwhile, the Pacific steric sea level increases
only slightly (0.35 ± 0.25 mm/yr). In the North Atlantic
region, the mass component (estimated by the difference
between satellite altimetry‐based minus steric sea level over
the same area) is negatively correlated over 2004–2010 with
the steric component. During that period, North Atlantic sea
level variability seems mostly driven by the North Atlantic
Oscillation (NAO). This is unlike during the previous years
(1997 to 2004), a period during which we observe significant
correlation between North Atlantic sea level and El Nino‐
Southern Oscillation (ENSO), with positive sea level corre-
sponding to ENSO cold phases (La Nina). Citation: Llovel, W.,
B. Meyssignac, and A. Cazenave (2011), Steric sea level variations
over 2004–2010 as a function of region and depth: Inference on the
mass component variability in the North Atlantic Ocean, Geophys.
Res. Lett., 38, L15608, doi:10.1029/2011GL047411.
1. Introduction
[2] Measuring sea level change and understanding its
causes is a major goal in climate research, considering the
potentially highly negative consequences of sea level rise
under global warming. According to the Intergovernmental
Panel on Climate Change‐4th Assessment Report (IPCC‐
AR4), global mean sea level rise during the 1993–2003
decade amounted to 3.1 ± 0.7 mm/yr (2‐sigma uncertainty),
with ∼50% attributed to thermal expansion and ∼40% due to
water mass input from ice sheet and glacier ice mass loss
[Bindoff et al., 2007]. Since about 2004, slowdown in thermal
expansion rate has been reported by a number of investigators
using Argo profiling floats data [Willis et al., 2008, 2010;
Levitus et al., 2009; Cazenave et al., 2009; Leuliette and
Miller, 2009; Llovel et al., 2010]. However, estimated rates
of rise from the different studies are highly scattered, likely a
result of too short time spans of analysis, different data pro-
cessing strategies, etc. [e.g., Lyman et al., 2010]. Neverthe-
less, as shown by Llovel et al. [2010] using different in situ
temperature and salinity databases (mostly from Argo), there
is clear evidence of slower rate of steric (i.e., thermosteric
plus halosteric) sea level rise in the recent years. Such a result
motivated us to investigate further the steric sea level at
regional scale and as a function of ocean depth. For that
purpose, we study the behavior of the steric sea level over the
past few years in the three main ocean basins and estimate the
contributions of ocean layers at different depths. We finally
look at sea level and mass component in the North Atlantic
Ocean.
2. Data Sets
2.1. Satellite Altimetry Data
[3] In this study, we use the Ssalto/duacs multi‐mission
sea level products provided byCLS/AVISO (downloaded at the
website: http://www.aviso.oceanobs.com/en/data/products/sea‐
surface‐height‐products/global/msla/index.html). As described
on the website, data are provided with two levels of resolution
on a Mercator grid: (1) 1/3° × 1/3° and (2) 1° × 1°. Here, we
choose the first option resampled on a Cartesian grid at
1/4° × 1/4° resolution. These sea level products are avail-
able at weekly interval. The data used in this study span
from January 2004 to March 2010. Over the studied time
span, the data are principally based on Jason‐1 and Jason‐2,
but Envisat and GFO data are also used with lower weight.
Most updated geophysical and environmental corrections have
been applied to the data, including the inverted barometer
correction (see Ablain et al. [2009] for details).
2.2. Argo Data
[4] We consider Argo‐based temperature T and salinity S
fields of the SCRIPPS Institution of Oceanography database
(as shown by Llovel et al. [2010], compared to other available
data bases, the SCRIPPS data have good temporal coverage,
cover a larger depth range and are given at monthly interval).
The SCRIPPS data can be downloaded from the http://www.
argo.ucsd.edu/Gridded_Field.html website [Roemmich and
Gilson, 2009]. We have computed thermosteric (T anoma-
lies only), halosteric (S anomalies only) and steric (T plus S
anomalies) gridded sea level time series in three different
layers (0–300 m, 300–700 m and 700–2000 m depth), over
the ocean domain up to 65°N and 65°S of latitude, at monthly
interval, on 1° × 1° mesh, over the time span from January
2004 to March 2010.
[5] As no errors are provided with the SCRIPPS T/S data,
we have also computed steric/thermosteric/halosteric sea level
time series using three additional databases (NOAA, IPRC
databases, as by Llovel et al. [2010] and JAMSTEC data-
1LEGOS, CNES, CNRS, IRD, UPS, Toulouse, France.
2Jet Propulsion Laboratory, California Institute of Technology,
Pasadena, California, USA.
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base), and estimated the data errors from the dispersion
between the different time series (see Llovel et al. [2010] for
details).
3. Results
3.1. Region‐Depth Steric Sea Level Variations
[6] Figure 1 shows the global mean steric sea level over
the time span of analysis (January 2004 to March 2010). The
altimetry‐based (i.e., observed) global mean sea level is
superimposed for comparison. The global mean steric trend
(based on T, S data from surface to 2000 m depth) over the
period amounts to 0.35 ± 0.3 mm/yr. As mentioned above,
the uncertainty is based on the root‐mean squares difference
between values estimated from individual databases (note
that it is compatible with errors provided by Lyman et al.
[2010], for the ocean heat content from different Argo data
bases). In the remainder of the paper, steric/thermosteric/
halosteric errors are always based on this approach.
[7] The observed (altimetry‐based) rate of sea level rise
over the same time span is 2.8 ± 0.4 mm/yr. The 0.4 mm/yr
uncertainty is based on that of Ablain et al. [2009] from an
assessment of all sources of errors affecting the altimetry‐
derived mean sea level trend.
[8] Figure 2 displays the regional mean steric (Figures 2a–
2c) and thermosteric (Figures 2d–2f) sea level over Indian,
Pacific and Atlantic ocean sectors in three different layers:
0–300 m (blue curves), 300–700 m (red curves) and
700–2000 m (black curves). The sector boundaries are
as defined as follows: Indian Ocean (65°S‐30°N latitude,
40°E‐110°E longitude); Pacific Ocean (65°S‐65°N lati-
tude, 110°E‐290°E longitude); Atlantic Ocean (65°S‐65°N
latitude, 290°E‐40°E longitude). Seasonal signals have been
removed at each gridmesh through a least squares fit analysis.
A 7‐month running smoothing has been applied to the time
series. Figure 2 reveals a large positive steric trend of the
Indian Ocean upper layer (0–700m). For comparing the trend
value to the global mean steric trend, it is necessary to weight
it by the ratio of the ocean box area to the total oceanic area
considered in this study (±65° latitude). In the following, all
quoted trends are weighted trends using the ratio of the
considered area to the total area. The weighted trend for the
Indian upper layers (0–700 m) amounts to ∼1 ± 0.3 mm/yr.
The deeper layer (700–2000 m) also shows steric sea level
increase but with smaller magnitude. The value for the 0–
2000 m depth range is +1.2 ± 0.4 mm/yr. It represents the
contribution of the Indian Ocean box to the total steric trend.
Comparison with the thermosteric sea level suggests that the
steric trend is mainly due to temperature, hence ocean
warming. In addition to a positive trend, the upper layer
steric/thermosteric sea level (0–300 m) shows large interan-
nual variability associated with the Indian Ocean Dipole –
IOD‐ [Cai et al., 2009; Schott et al., 2009]. The IOD index is
superimposed (dashed grey curve) on the thermosteric upper
layer curve of the Indian Ocean contribution. The correlation
between the two curves is 0.9.
[9] In the Pacific Ocean, the regional mean steric/
thermosteric sea level shows small trends both in the upper
and deeper layers. Over the 0–2000m depth range, the Pacific
steric trend amounts to 0.35 ± 0.25 mm/yr –weighted value‐.
Large, ENSO (El Niño‐Southern Oscillation)‐related interan-
nual variability is observed. The correlation with the Southern
Oscillation Index (SOI) superimposed to the thermosteric
upper layer curve (dashed grey curve) equals to 0.7. The
interannual variability of the recent years steric sea level in
the Indian and tropical Pacific was studied in more detail by
Llovel et al. [2010].
[10] In theAtlanticOcean, regionalmean steric/thermosteric
sea level curves show negative trends, especially in the upper
layer. Slight negative trends are also seen in the deeper layers.
However, unlike the other oceans, the halosteric component
(i.e., due to salinity variations) plays a significant role here
(not shown), resulting in partial compensation in the steric sea
level, likely associated to heat and fresh water, circulation‐
Figure 1. Observed altimetry‐based (black curve) and steric (dashed black curve) global mean sea level between 2004–2010
computed between 65°S and 65°N latitude. Seasonal signal removed and 7‐month running smoothing applied.
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driven redistribution and fresh water input from land ice melt
and river runoff. The Atlantic Ocean weighted steric trend (0–
2000 m depth range) amounts to −1.0 ± 0.35 mm/yr.
[11] If we compare the area‐weighted steric trends of the
three ocean boxes, we note opposite contributions between
Indian and Atlantic Oceans (of +1.2 ± 0.4 mm/yr and −1.0 ±
0.35 mm/yr respectively), with near compensation between
the two regions. As the Pacific Ocean steric trend is small
over the studied period, we get a small value for the total steric
trend (of ∼0.5 mm/yr) (note that the sum of the three box
contributions is slightly larger than the observed total trend of
0.35 mm/yr; this is because the sum of the box areas does not
exactly coincide with the total domain). Computed steric and
thermosteric weighted trends are summarized in Table 1. The
global values are also given.
[12] In order to check whether the apparent warming and
cooling of the Indian and Atlantic oceans (hence compen-
sation) may not result from instrumental Argo floats bias, we
compared Argo‐based thermosteric/steric sea level in these
two ocean basins with two types of independent data: (1) the
in situ and satellite sea surface temperature (SST) analysis
[Reynolds et al., 2002], and (2) the steric sea level from a
general ocean circulation model –OGCM‐ (the DRAKKAR/
NEMO ‐B83 run‐modelmeteorologically forced by the CORE
dataset assembled by W. Large [Large and Yeager, 2004],
and no data assimilation [Barnier et al., 2006; Dussin et al.,
2009]). SST data are provided monthly on 1°x1° grids.
Data were geographically averaged over the ocean domains
defined above over the time span considered in this study. The
averaged SST was then compared to Argo‐based thermos-
teric sea level of the 0–100 m upper ocean layer in these two
basins. Similarly, we computed the mean steric sea level over
the 0–300 m upper ocean layer from the DRAKKAR model
outputs (which end in early 2007). Corresponding results are
shown in Figures 2a and 2c for DRAKKAR (dashed blue
curves) and Figures 2d and 2f for SST (dashed green curves).
We note very high correlation (>0.85 for all cases) between
Argo‐based steric/thermosteric sea level and totally inde-
Table 1. Regional Mean Steric and Thermosteric Sea Level Trends Weighted by the Ratio of the Box Area to the Total Ocean Area for











sea level trend (mm/yr)
(0–2000 m depth range)
+1.2 ± 0.4 +0.35 ± 0.25 −1.0 ± 0.35 −0.32± 0.25 0.55 ± 0.5
Area weighted thermosteric
sea level trend (mm/yr)
(0–2000 m depth range)
+1.0 ± 0.4 +0.52 ± 0.25 −0.8 ± 0.35 −0.23 ± 0.25 0.72 ± 0.5
Figure 2. Regional mean steric (upper panels) and thermosteric (lover panels) sea level over 2004–2010, over the Indian,
Pacific and Atlantic Ocean boxes for different layers: 0–300 m (blue curves), 300–700 m (red curves) and 700–2000 m (black
curves). Seasonal signal removed and 7‐month running smoothing applied. Panels are labeled a to f. DRAKKAR‐based
regional mean steric sea level (0–300 m) are superimposed on panels a and c (dashed blue curves). IOD index and SOI (both
grey dashed curves) are superimposed on thermosteric sea level curves for Indian Ocean (panel d) and Pacific Ocean (panel e)
respectively. Regional mean SST (dashed green curve) and Argo–based regional thermosteric sea level (over 0–100 m depth,
solid green curve) are superimposed in panels d and f.
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pendent data from an OGCM and SST products. This gives us
confidence that the trends reported in the Indian and Atlantic
oceans with Argo data are not due to artifacts or instrumental
bias of the Argo floats.
3.2. Steric and Mass Components of the Observed
Sea Level in the North Atlantic
[13] We now focus on the North Atlantic (equator to 65°N,
from 290°E to 40°E longitude). Figures 3a–3c show corre-
sponding steric/thermosteric/halosteric sea level (blue, red
and black curves respectively) at the same 3 layers and
between 0° to 65° latitude (seasonal signal removed). A clear
negative trend is observed in each layer. These short‐term
trends suggest recent cooling of the region as negative trend is
also seen in the thermosteric sea level. The total weighted
North Atlantic steric trend (0–2000 m depth range) amounts
to −0.32 ± 0.25 mm/yr.
[14] In the lower layers (700–2000 m), steric and thermos-
teric curves reflect high interannual variability, linked to the
North Atlantic Oscillation‐NAO (see the NAO index –dashed
grey curve‐ superimposed to the thermosteric curve in
Figure 3b).
[15] Figure 4 shows observed, altimetry‐based mean sea
level over the North Atlantic sector (solid black curve) since
1997. Mean steric (doted‐solid blue curve) and thermosteric
(solid blue curve) sea level over the same domain are also
shown since 2004 (as computed in this study using T, S data
down to 2000 m depth). In Figure 4 is also shown the dif-
ference (called below ‘mass component’) between observed
(altimetry‐based) and steric sea level over the North Atlantic
Figure 3. Regional mean (a) steric, (b) thermosteric and (c) halosteric sea level over 2004–2010 over the North Atlantic box
at different ocean layers: 0–300 m (blue curves), 300–700 m (red curves) and 700–2000 m (black curves). Seasonal signal
removed and 7‐month running smoothing applied. NAO (grey dashed curve) is superimposed to thermosteric sea level curves
(Figure 3b).
Figure 4. Observed (altimetry‐based) mean sea level for the North Atlantic Ocean box (0° to 65°N, 290°E to 40°E) (solid
black curve) between 1997–2010; mean steric (doted‐solid blue curve), thermosteric sea level (solid blue curve), and mass
component (observedminus steric sea level, solid red curve) over the 2004–2010 for the same region. Seasonal signal removed
and 7‐month running smoothing applied. Steric and thermosteric sea level correspond to the 0–2000 m depth range. Black and
grey dashed curves superimposed to observed sea level curve represent SOI and inverse NAO respectively.
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sector. The seasonal signal has been removed from all curves
and a 7‐month smoothing is also applied. While the steric sea
level (0–2000m depth) shows a decreasing trend as discussed
above, the mass component shows a positive trend. Both
curves appear negatively correlated (correlation coefficient of
−0.95).
[16] As shown above, North Atlantic thermosteric sea level
is correlated with the NAO index (Figure 3b). We now note
that the mass component and the total (altimetry‐based) sea
level are negatively correlated with NAO during the 2004–
2010 time span (positive sea level corresponding to NAO
negative phase and inversely). This is illustrated in Figure 4
where the inverse NAO index is superimposed to sea level.
Prior to 2004, the North Atlantic sea level is dominantly
influenced by ENSO: in Figure 4, we superimposed the
Southern Oscillation Index (SOI) (with 7‐month smoothing;
dashed black curve) to the North Atlantic altimetry‐based sea
level curve over 1997–2004. The correlation between the two
curves amounts to 0.65 between 1997–2001, with positive
sea level during La Nina, the ENSO cold phase (corre-
sponding to positive SOI). However the correlation decreases
to 0.25 over 1997-2004.
[17] Several previous studies have reported a clear con-
nection between tropical Pacific and tropical North Atlantic
sea surface temperature (SST) variability [Enfield andMayer,
1997; Latif and Grotzner, 2000] during ENSO events, with
warming of the tropical eastern Pacific being associated with
warming of the tropical North Atlantic, 4–6 months later
[Giannini et al., 2001]. Such tropical North Atlantic SST
variability appears in turn to be linked to rainfall conditions
over Amazonia [Yoon and Zeng, 2010]. Increased rainfall
over northeastern Amazonia during La Nina events may
eventually extend over the tropical North Atlantic as a result
of an eastward shift of precipitation patterns. Increased
rainfall over northeastern Amazonia during La Nina events
may eventually extend over the tropical North Atlantic as a
result of an eastward shift of precipitation patterns, possibly
increasing the mass component and sea level. Fresh water
input into the tropical Atlantic due to increased runoff from
the Amazon River may be another cause, the two effects
eventually working concurrently. Further analysis is needed
to understand the mechanism responsible for the observed
increase in North Atlantic sea level during La Nina events,
andmore generally the link between tropical Pacific, Amazon
hydrology and tropical Atlantic during ENSO events.
[18] While our study suggests some influence of the strong
1997–1999 ENSO event on the North Atlantic sea level, it
also reveals that beyond 2004, NAO was the main driver of
the interannual variability of the North Atlantic sea level,
acting both on the steric and mass components.
4. Conclusion
[19] The present analysis reports different behaviors of the
steric sea level depending on the ocean basin over the 2004–
2010 time span. The Indian Ocean shows significant ocean
warming between 0 and 2000 m depth, while the Atlantic
Ocean shows cooling during the same period. In the Atlantic
region, slight upper ocean salinity variation is also observed,
which suggests large‐scale ocean circulation changes and
heat and fresh water redistribution are causing the observed
steric variations. In the Pacific Ocean, significant trend
is noticed and large interannual variability is also observed in
the upper layer linked to ENSO events.
[20] Indian Ocean warming and Atlantic Ocean cooling
more or less compensate each other during 2004–2010 time
span, explaining the recent low observed rate of the steric sea
level.
[21] In the North Atlantic, we find that the mass component
(deduced from the difference between altimetry‐based and
steric sea level) is negatively correlated to the steric sea level.
We also find that North Atlantic sea level interannual vari-
ability was influenced by ENSO during 1997–2004, but since
2004, the NAO influence dominates. Further studies are
necessary to understand themechanisms responsible for these
observations.
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anonymous reviewer for their helpful comments. The Argo data were col-
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2.1 Durant la pe´riode altime´trique : de 1993 a` 2011
2.1.2 Le roˆle des variations re´gionales de la masse de l’oce´an
Sur la pe´riode 1993-2011, les variations re´gionales de la tempe´rature de l’oce´an ex-
pliquent une large part de la variabilite´ re´gionale du niveau de la mer. Si l’on ajoute les
variations re´gionales de salinite´, qui compensent localement une partie de l’effet des vari-
ations de tempe´rature (jusqu’a` 25% d’apre`s Wunsch et al. [2007]), la variabilite´ re´gionale
du niveau de la mer observe´e par altime´trie s’explique encore mieux (voir par exemple
Lombard et al. [2009]). En effet, le signal re´siduel obtenu apre`s avoir soustrait les effets
thermoste´riques et haloste´riques du niveau de la mer (i.e. signal non-ste´rique), est tre`s
faible entre les latitudes -40˚ et +40˚ (compris entre ±3 mm.a-1 en tendance sur la pe´riode
1993-2011) et seulement le´ge`rement plus fort aux hautes latitudes (voir Fig. 2.1 et par
exemple Lombard et al. [2009].
Cependant, les effets ste´riques n’expliquent pas tout. L’autre contribution majeure a` la
variabilite´ du niveau de la mer, la variation de masse de l’oce´an duˆe a` la fonte des glaces
actuelle et aux e´changes d’eau avec les bassins fluviaux, joue aussi un roˆle dans la variabilite´
re´gionale du niveau de la mer (voir section 1.3 et Bindoff et al. [2007]). Mais sa contribution
est bien plus faible que celle des effets ste´riques. Il s’agit d’un signal petit encore difficile a`
observer. Pour l’estimer, il faut pouvoir de´terminer le signal re´siduel non-ste´rique contenu
dans le niveau de la mer de manie`re pre´cise. Cette taˆche qui est re´sume´e dans la section
1.5 par les questions scientifiques n˚ 20, 21, 22 et 23 est le sujet de nombreuses recherches
au niveau international.
Sur la pe´riode re´cente 2002-2011, nous disposons a` la fois de mesures pre´cises du niveau
de la mer avec l’altime´trie spatiale et de mesures plus pre´cises de l’expansion thermo-haline
des oce´ans entre 0 et 2000m avec le programme Argo. En soustrayant les deux signaux
on peut obtenir, de manie`re indirecte, une mesure de la variabilite´ du niveau de la mer
d’origine non-ste´rique qui donne acce`s aux variations re´gionales de masse de l’oce´an (car la
composante ste´rique du niveau de la mer provenant des couches de l’oce´an en dessous de
2000 m est tre`s faible). Sur la pe´riode de 2004 a` 2011, nous disposons aussi d’une mesure
directe des variations de masse de l’oce´an avec la mission spatiale GRACE. En effet, sur
les oce´ans, les variations spatio-temporelles du champ de gravite´ mesure´es par GRACE se
convertissent en variations spatio-temporelles de la masse de l’oce´an avec une re´solution
spatiale d’environ 300 km x 300 km et une re´solution temporelle de ∼1 mois. Ceci donne
une mesure inde´pendante et directe des variations re´gionales de masse de l’oce´an que l’on
peut comparer aux variations non-ste´riques du niveau de la mer de´duites de l’altime´trie
combine´e avec les donne´es Argo. Si ces deux observations domine´es par les variations de la
masse de l’oce´an donnent les meˆmes re´sultats alors on obtiendra une mesure fiable de la
variabilite´ re´gionale de la masse de l’oce´an et nous aurons explique´ le bilan du niveau de la
mer re´gional avec ses composantes ste´riques et massiques (enjeu des questions scientifiques
n˚ 22 et 23).
En moyenne globale sur l’oce´an, il a e´te´ montre´ que les fluctuations saisonnie`res et
inter-annuelles du signal non-ste´rique (altime´trie moins Argo) du niveau de la mer est en
accord avec le signal de masse de l’oce´an observe´ par GRACE (voir Willis et al. [2008];
Leuliette and Miller [2009]; Cazenave et al. [2009]).
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En variabilite´ re´gionale, les diffe´rentes estimations des variations de masse de l’oce´an
ne sont pas en accord. Ceci est duˆ au fait qu’en re´gional, a` l’e´chelle de la re´solution des
donne´es Argo, le signal de masse de l’oce´an est si petit qu’il se confond avec les erreurs
de mesures. Llovel et al. [2010b] ont estime´ le niveau de la mer ste´rique a` partir de 4
jeux de donne´es Argo : les donne´es traite´es par CLS, le SCRIPPS et l’IPRC. Ils ont
montre´ que malgre´ un accord en terme de grandes structures re´gionales et de variabilite´
saisonnie`re, ces donne´es pre´sentent des diffe´rences en terme de variabilite´ inter-annuelle
et de tendances sur la pe´riode 2004-2008. Ces diffe´rences sont telles, que le signal re´siduel
”Altimetrie moins Argo” est tre`s diffe´rent (en terme de variabilite´ inter-annuelle) quand
on utilise un jeu de donne´es Argo ou un autre. Ils ont aussi montre´ que sur la meˆme
pe´riode, la variabilite´ re´gionale du signal de masse de l’oce´an calcule´ avec GRACE diffe´re
des estimations ”Altime´trie moins Argo” (voir Fig. 2.3).
Figure 2.3 – Tendances du signal de masse de l’oce´an sur la pe´riode 2004-2008 (a) mesure´es par
GRACE et (b) calcule´es par diffe´rence du niveau de la mer mesure´ par altime´trie avec le niveau
ste´rique mesure´ par les donne´es Argo de CLS. La tendance moyenne globale a e´te´ enleve´e dans
les deux figures. Figure tire´e de Llovel et al. [2010b]
Les raisons de ces diffe´rences entre les estimations de la variabilite´ re´gionale de la masse
de l’oce´an ne sont pas claires. Il s’agit peut eˆtre du faible e´chantillonnage spatial Argo dans
certaines re´gions, des incertitudes dans les calculs des donne´es Argo, de la contribution de
l’oce´an profond qui n’est pas prise en compte (en dessous de 2000 m), du mauvais ratio
signal sur bruit de GRACE sur les oce´ans ou encore d’une combinaison de ces diffe´rents
effets (Llovel et al. [2010b]). Il apparait aujourd’hui que c’est surtout le mauvais ratio signal
sur bruit de GRACE qui est a` l’origine des diffe´rences observe´es dans les estimations de la
variabilite´ re´gionale de la masse de l’oce´an (Llovel et al. [2010b]).
Quelles que soient les diffe´rences entre estimations, il est inte´ressant de noter qu’elles
apparaissent quand on cherche a` estimer la variabilite´ re´gionale de la masse de l’oce´an avec
une forte re´solution spatiale de l’ordre 300 km x 300 km. En revanche, quand on moyenne
sur l’ensemble de l’oce´an, on a vu pre´ce´demment que les estimations directes et indirectes
des variations de masses de l’oce´an s’accordent en variabilite´ inter-annuelle. Fenoglio-Marc
et al. [2006] et Calafat et al. [2010] ont montre´ que ceci e´tait aussi vrai quand on moyennait
sur une re´gion plus petite comme la Me´diterrane´e. Ce re´sultat nous a pousse´ a regarder
dans diffe´rentes re´gions du monde, de la taille de la Me´diterrane´e ou plus grandes, si l’on
obtenait aussi un accord entre estimations directes et indirectes des variations de masse
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locale de l’oce´an. C’est le sujet de notre e´tude ”Regional distribution of steric and mass
contribution to sea level changes”.
Re´sume´ de l’article : ”Regional distribution of steric and mass contribution
to sea level changes” (l’article original est inse´re´ a` la fin de cette section 2.1.2) :
Dans cette e´tude , nous avons estime´ les variations temporelles de la masse oce´anique
moye´nne´e sur 7 re´gions diffe´rentes du globe entre 2004 et 2008. Les 7 re´gions sont le Paci-
fique et l’Atlantique Nord (30˚ N-50˚ N), le Pacifique et l’Atlantique e´quatorial (20˚ S-20˚ N),
le Pacifique et l’Atlantique Sud (30˚ S-60˚ S) et l’oce´an Indien (10˚ N-40˚ S). Nous avons es-
time´ les variations de masse de l’oce´an dans chaque re´gion, par les deux me´thodes : indirecte
et directe. Dans la me´thode indirecte, nous avons de´duit les variations de masse de l’oce´an
en soustrayant a` l’altime´trie, les donne´es ste´riques de´duites des mesures hydrographiques
in-situ de Ishii and Kimoto [2009] ou de´duites des donne´es Argo ENACT/ENSEMBLES
version2a de Ingleby and Huddleston [2007]. Dans la me´thode directe, nous avons utilise´
les donne´es GRACE RL04 du Center for Space Research. Les re´sultats de l’e´tude montrent
que, en moyenne sur chaque re´gion, le cycle annuel des variations de masse oce´anique est
cohe´rent entre les 2 me´thodes. Il en est de meˆme pour la variabilite´ inter-annuelle dans
le Pacifique Nord et Sud, l’Atlantic Sud et l’oce´an Indien. En revanche, les 2 me´thodes
ne convergent pas dans les re´gions e´quatoriales et l’Atlantique Nord. Dans les re´gions
e´quatoriales cela est duˆ au mauvais ratio signal sur bruit des donne´es GRACE. Dans le
Nord de l’Atlantique cela est duˆ aux mauvaises estimations du signal thermoste´rique par
les boue´es Argo dans des re´gions de forte variabilite´ telle que le Gulf Stream. Nous avons
aussi e´tudie´ la cohe´rence entre les deux me´thodes d’estimations de la masse de l’oce´an par
une analyse en EOF sur chaque re´gion. Les structures spatiales associe´es aux variations
de masse de l’oce´an sont cohe´rentes entre les deux me´thodes pour le Pacifique Nord et
Sud et l’Atlantique Sud. Ceci donnent donc confiance quand aux estimations des variatons
de masse dans ces re´gions. A partir de ces e´le´ments, nous avons pu mettre en e´vidence
l’existence de transferts de masse aux e´chelles inter-annuelles entre le Nord et le Sud dans
le Pacifique et l’Atlantique. Ces transferts semblent se produire en quadrature de phase
entre les 2 oce´ans mais ceci reste a` confirmer en e´tudiant une pe´riode plus longue que la
pe´riode 2004-2008.
En re´sume´, lorsque l’on compare les estimations re´gionales des variations de masse de
l’oce´an calcule´es avec GRACE d’une part, et calcule´es avec l’altime´trie et Argo d’autre
part, on trouve un accord pour des e´chelles spatiales de l’ordre de la taille des bassins
oce´aniques. En dessous, de fortes diffe´rences en variabilite´ inter-annuelle et en tendance
apparaissent. Ceci est essentiellement duˆ au mauvais rapport signal sur bruit des mesures
GRACE sur l’oce´an (l’e´chantillonnage spatial imparfait des donne´es Argo peut jouer aussi
un roˆle localement, en particulier dans les re´gions de forte variabilite´ oce´anique ; les varia-
tions des courants ou des masses d’eau en dessous de 2000 m peuvent, elles aussi, jouer un
roˆle). Ce mauvais rapport signal sur bruit empeˆche une bonne re´solution du signal re´gional
de masse de l’oce´an qui est petit. Ceci apporte de nouveau e´le´ments de re´ponse a` la question
scientifique n˚ 23 en mettant en e´vidence l’existence d’une limite dans les e´chelles spatiales a`
partir de laquelle les techniques d’estimation de masse de l’oce´an ne s’accordent plus. Cela
montre que le signal de GRACE mais aussi celui des boue´es ARGO doit encore eˆtre affine´
(technique des Mascons pour GRACE et uniformisation des traitements pour ARGO? )
si l’on veut de´terminer pre´cisement le signal re´gional de masse de l’oce´an. En particulier,
le proble`me de la de´tection des signatures spatiales des contributions au signal de masse
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de l’oce´an (question scientifique n˚ 22) reste totalement ouvert car les pre´cisions obtenues
aujourd’hui sur la variabilite´ re´gionale de la masse de l’oce´an sont trop faibles.
Dans certains cas tre`s particuliers, cependant, le proble`me de la signature spatiale ne
se pose pas car le signal de masse de l’oce´an est tre`s fort. C’est le cas par exemple lors des
forts e´ve`nements ENSO. Lors des e´ve`nements El Nin˜o/La Nin˜a, des changements grande
e´chelle dans le re´gime de pre´cipitation des tropiques ge´ne`rent moins/plus de precipitations
sur les continents (Gu and Adler [2011]). Ceci a pour conse´quence de diminuer/augmenter
les stocks d’eau continentaux et donc d’augmenter/diminuer la masse totale de l’oce´an
(voir section 1.3.2 et Llovel et al. [2011a]). Ces variations de masse sont si fortes, qu’elles
dominent la variabilite´ inter-annuelle du niveau de la mer global. Pour un signal de masse
d’une telle intensite´ il est possible de de´terminer pre´cisement sa re´partition spatiale dans
l’oce´an.Ceci peut donner des informations sur les processus a` l’origine de la variabilite´ inter-
annuelle du niveau de la mer global et de sa covariabilite´ avec les stocks d’eau continentaux
(question scientifique n˚ 20). Nous avons analyse´ les variations de la re´partition spatiale de
la masse de l’oce´an lors du El Nin˜o 1997/1998 dans l’e´tude intitule´e :”Estimating ENSO
influence on the global mean sea level during 1993-2010”
Re´sume´ de l’article : ”Estimating ENSO influence on the global mean sea
level during 1993-2010” (l’article original est inse´re´ a` la fin de cette section 2.1.2) :
Dans cette e´tude nous avons cherche´ a` de´terminer comment se re´partissait spatialement
l’exce`s de masse d’eau rec¸u par l’oce´an lors des e´ve`nements El Nin˜o. Cet exce`s de masse
d’eau rec¸u par l’oce´an vient des changements grande e´chelle dans le re´gime de pre´cipitation
des tropiques provoque´ par les e´ve`nements El Nin˜o. Ceux-ci ge´ne`rent plus de precipitations
sur les oce´ans (Gu and Adler [2011]), ce qui augmente la masse de l’oce´an en comparaison
avec les anne´es normales (Llovel et al. [2010a]) durant lesquelles les pre´cipitations se font
plus sur les continents( et sont donc stocke´es en plus grande quantite´ dans les bassins
fluviaux). Comment se re´partit cette exce`s de pre´cipitations dans l’oce´an ? La masse d’eau
supple´mentaire se repartit-elle de manie`re uniforme sur l’ensemble des bassins oce´aniques
ou pre´sente t-elle de la variabilite´ re´gionale ? Dans cette e´tude, nous nous sommes focalise´s
sur l’e´ve`nement El Nin˜o extreˆme de 1997-1998 pour re´pondre a` ces questions. Llovel et al.
[2011a] avait montre´ que le mode`le hydrologique ISBA-TRIP, de´veloppe´ par Me´te´o-France,
donnait une bonne estimation du transfert de masse d’eau des stocks continentaux vers
l’oce´an lors de l’e´ve`nement El Nin˜o 1997-1998. Nous reprenons dans cet article cette es-
timation base´e sur la dynamique des grands bassins fluviaux et nous la comparons a` une
estimation inde´pendante de la variation re´gionale de masse de l’oce´an. Cette estimation
inde´pendante est obtenue en soustrayant a` l’altime´trie, les hauteurs ste´riques de´duites
des donne´es hydrographiques de Ishii and Kimoto [2009]. Nous analysons ensuite, bassin
oce´anique par bassin oce´anique, les variations de masse de l’oce´an afin de de´terminer la
re´gion la plus impacte´e par le transfert de masse venant des continents. Dans les bassins
Indien et Atlantique, la masse de l’oce´an ne pre´sente pas d’augmentation significative en
1997-1998 compare´ a` la variabilite´ inter-annuelle qui la caracte´rise sur la pe´riode 1993-2010.
En revanche dans l’oce´an Pacifique on observe une tre`s forte augmentation de la masse en
1997 et 1998 suivit d’une diminution en 1999. Un diagramme Latitude-Temps des varia-
tions de masse de l’oce´an sur la Pacifique re´ve`le que cette augmentation de masse est en
fait tre`s localise´e. Elle se situe sur une unique fine bande de latitude : entre 10˚ N et 20˚ N sur
toute la largeur du Pacifique. Pour ve´rifier ce re´sultat, nous calculons la variation de masse
de cette bande de latitude de l’oce´an Pacifique entre 1997 et 1998. Ceci confirme que cette
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petite re´gion concentre quasiment la totalite´ de l’exce`s de masse que rec¸oit l’oce´an global
de la part des continents lors du El Nin˜o 1997-1998. Ce re´sultat nouveau est surprenant
car, contrairement a` ce qu’on pouvait attendre, l’exce`s de masse rec¸u par les oce´ans entre
1997 et 1998 ne s’est pas re´partit uniforme´ment mais se trouve concentre´ tre`s localement.
Comment peut-on expliquer cette observation ? Un bilan d’eau sur la bande 10˚ N-20˚ N
du Pacifique montre que les vents et les pre´cipitations ne peuvent expliquer a` eux seuls
cette concentration locale de masse. Il faut prendre en compte les courants oce´aniques.
Les variations du transport dans le de´troit de Makassar (qui lie l’oce´an Indien a` l’oce´an
Pacifique), inte´gre´es sur la dure´e de l’e´ve`nement El Nin˜o 1997-1998, montrent un de´ficit du
transport total de masse vers l’oce´an Indien du meˆme ordre de grandeur que l’accroisse-
ment observe´ entre 10˚ N et 20˚ N dans le Pacifique. Ceci sugge`re que la circulation joue un
roˆle non ne´gligeable mais la question du me´canisme responsable de telles concentrations
d’eau dans le Pacifique Nord en 1997-1998 reste ouverte.
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The contributing factors to regional sea level variability have been explored for the period 2004–2008 based
on altimetry observations, hydrographic data and GRACE measurements. The regional averaged annual cycle
of the mass contribution to sea level is shown to be highly unsteady. When compared with steric-corrected
altimetry, both signals are coherent, though in some regions the coherence analysis is limited by the use of
interpolated hydrographic data and in the equatorial regions it is limited by the low signal-to-noise ratio of
GRACE data. The closure of regional sea level budgets depends mainly on the GIA correction chosen. A
reconstructed global sea level field (with the atmospheric signal eliminated) spanning the second half of the
20th century together with historical hydrographic observations are used to infer the regional mass
contribution to sea level rise for the last decades. Results indicate that mass addition from continental ice is
the major contributor to regional mean sea level rise for the last decades. In addition, the spatial patterns of
mass rates of change point at Greenland as the main source of fresh water input.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Long-term global sea level changes have been routinely estimated
based on tide gauge measurements with a biased spatial distribution.
Since 1992 satellite altimetry has revealed a high spatial heterogene-
ity of sea level changes, with areas experiencing sea level rise up to
three times larger than the global rate and others where sea level has
dropped (Cazenave and Nerem, 2004; Cazenave and Llovel, 2010).
The contributors to long-term global sea level changes are steric
changes andmass addition/subtraction. At regional scale wemust add
the mass displacements due to the mechanical atmospheric forcing
and changes in the oceanic circulation, which may play a significant
role in those areas where circulation features are important and
determine local sea level (e.g., Gulf Stream or Kuroshio). Separating
the sources and reducing the uncertainties in the quantification of
each contributor to regional sea level changes is of key importance to
understand the causes of sea level variations and to infer future
changes.
The global sea level budget has been explored by different authors.
Willis et al. (2008) did it on the basis of altimetry, in-situ hydrographic
data from Argo floats and space gravimetry observations from the
Gravity Recovery and Climate Experiment (GRACE) mission between
2003 and 2007. They concluded that while intra- and inter-annual
changes inferred from the different observation sets are consistent, the
trends computed for the analyzed period do not agree. Conversely,
Leuliette and Miller (2009) using the same data for a slightly different
period (2004–2007) found statistical agreement between observed sea
level rates of change and the addition of the steric and mass
components. Cazenave et al. (2009) also found consistency between
steric sea level as inferred subtracting GRACE from altimetry and as
observed from Argo floats for the period 2004–2008, respectively.
Cazenave et al. (2009) pointed to the critical contribution of the Glacial
Isostatic Adjustment (GIA) correction that has to be applied to raw
GRACE data as one of the reasons for the disagreement between
different authors. The GIA correction is based on solid earth models
with a particular rheological profile, ice history deglaciation chronology
of the late-Pleistocene ice sheets and defined parameters of the visco-
elastic properties of the Earth. GIA reflects in the GRACE signal as a long
term trend in the gravity field that is not due to the instantaneous
redistribution of water over the Earth's surface. It is thus necessary to
separate that trend from actual changes in the water content. This
linear correction determines to a large extent the rates of change of the
ocean mass component inferred from GRACE data. There are currently
two broadly used solutions available for such correction, Paulson et al.
(2007) and Peltier (2004) models, with very different global rates (1
and 2 mm/yr, respectively) and even larger differences at regional
scale. The differences between the two models are analyzed in Peltier
(2009), Peltier and Luthcke (2009) and more recently in Chambers
et al. (2010). Chambers et al. (2010) have found that the differences are
mostly attributed to large trends in predicted degree-2, order-1 geoid
coefficients in the Peltier (2009) model. Peltier and Luthcke (2009)
attributed these large rates to present-day ice losses. However
Chambers et al. (2010) showed that the signals in Peltier's model are
inconsistent with the polar motion and rotation feedback theory he
claims to be using and considered that these rates are unrealistic.
Global and Planetary Change 76 (2011) 206–218
⁎ Corresponding author.
E-mail address: marta.marcos@uib.es (M. Marcos).
0921-8181/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.gloplacha.2011.01.007
Contents lists available at ScienceDirect
Global and Planetary Change
j ourna l homepage: www.e lsev ie r.com/ locate /g lop lacha
Also the use of different time-period and processing techniques
are partly responsible for the differences found between different
studies. For instance, Leuliette and Miller (2009) showed that results
were sensitive on how the Argo data are mapped in the early part of
the record. This is further exemplified by the fact that, even over the
same time-period, Leuliette and Miller (2009) and Cazenave et al.
(2009) Argo results differed by 0.5 mm/year.
In this paper we address the quantification of the contributions
driving sea level variability regionally rather than globally. When
coastal protection and impact assessment are concerned, regional sea
level rates of change are of key importance to understand and project
how sea level changes will affect a particular area. Given the high
spatial heterogeneity of sea level variability the global rates become
meaningless in this context. The closure of the regional sea level
budget has been explored by fewer authors. Llovel et al. (2010) found
a poor agreement between the regional patterns of steric-corrected
altimetry and those of the mass contribution inferred from GRACE.
Conversely, in the Mediterranean Sea observations of total sea level
and its components are reported to be consistent (Fenoglio-Marc et
al., 2006; Calafat et al., 2010). In a further step, Calafat et al. (2010)
took advantage of this good agreement to infer the mass contribution
to Mediterranean mean sea level for the second half of the 20th
century, using a reduced-space optimal interpolation of altimetry and
tide gauge data to infer total sea level fields for the pre-altimetric
period.
In this work we extend the methodology applied in the
Mediterranean Sea by Calafat et al. (2010) to different regions
worldwide. The independent measures of the mass contribution to
sea level provided by GRACE since 2002 are combined with estimates
of steric sea level and observed total sea level to explore the regional
sea level budgets. The goal of this study is to investigate to which
extent regionally averaged mass variations are mimicked by steric-
corrected altimetry in different areas and at different temporal scales.
Additionally, in order to infer the mass contribution during the last
decades of the 20th century we use a global reconstruction of sea level
fields together with historical hydrographic observations. Given the
assumptions inherent to this methodology a careful uncertainty
assessment is carried out.
2. Data sets
2.1. Sea level
Gridded monthly sea level anomalies with a map spacing of 1°×1°
computed from satellite multimission with respect to a seven year
mean were obtained from the AVISO data server (http://www.aviso.
oceanobs.com). This data set spans the period from October 1992 to
present. All geophysical corrections have been applied; the atmo-
spheric correction is applied using the Dynamic Atmospheric
Correction currently delivered by AVISO, which consists of using the
barotropic model MOG2D (Carrère and Lyard, 2003) to correct
frequencies greater than 20 days and the inverted barometer
approach otherwise.
The sea level anomaly fields obtained from altimetry data have
also been combined with tide gauge records (from which the
atmospheric signal has been previously removed) to obtain recon-
structed global sea level fields for the period 1950–2003. This field
was computed by combining selected 99 tide gauge records (from
Llovel et al., 2009) and 11 years of altimetry observations over 1993–
2003. Themethod is based on the reduced space optimal interpolation
described by Kaplan et al. (1998, 2000). It uses the spatial structure
(EOFs) of the sea level field obtained from the 2-D well resolved
spatial fields of altimetry satellite measurement to interpolate the
historical measurements from tide gauge records. Following Church et
al. (2004), in this run we added a spatially uniform EOF (referred to as
EOF0) to the set of EOFs computed from altimetry; the inclusion of
this extra EOF is aimed to account for any basin-uniform movement.
The global reconstructed sea level fields are mapped on a (1°×1°)
over the period 1950–2003.
2.2. Steric sea level
Steric sea level fields were computed using two data sets: the Ishii
global gridded temperature (T) and salinity (S) climatology (Ishii and
Kimoto, 2009) and the ENACT/ENSEMBLES version 2a (EN3) data set
(Ingleby and Huddleston, 2007) made available by the Met Office
Hadley Centre. The Ishii data set has been produced by objective
analysis of in-situ observations and consists of monthly gridded T, S
fields with a spacing of 1°×1°; the vertical domain extends down to
700 m, with data on 16 levels. This data base covers the whole second
half of the 20th century, namely the period 1945–2006. The steric sea
level component has been computed at each grid point by integrating
the specific volume down to 700 m. The Ishii climatology includes an
estimation of the uncertainties associated with the interpolated T and
S gridded fields, which can be propagated to obtain the uncertainty of
the steric component.
The EN3 data set has been produced by objective analysis of the T
and S profiles of the World Ocean Database'05, the Global Temper-
ature and Salinity Profile Project, Argo and the Arctic Synoptic Basin-
Wide Oceanography Project. In the current version (v2a) the Argo
profiles with erroneous pressure values according to Willis et al.
(2009) and profiles that are suspect of containing errors according to
Guinehut et al. (2009) have been rejected. The part of the database
used in this work consists on monthly gridded T, S fields with a map
spacing of 1°×1°; the vertical domain extends down to 970 m, with
data on 24 levels. The time period spanned by this data base is 2002–
2008, i.e., it extends to years further than Ishii, which is important
when considering the short period spanned by GRACE data.
The computation of the steric component is thus restricted to the
upper part of the ocean: 700 m in the case of the Ishii data set and the
top 970 m for EN3. The reason why the data bases do not include
deeper fields is that below those depths the number of observations
decreases significantly, making the interpolation unreliable (Leuliette
andMiller, 2009; Dhomps et al., 2010). Dhomps et al. (2010) reported
that integrating steric sea level down to 1000 m recovers at least 80%
of the total signal worldwide.
2.3. GRACE measurements
Finally the mass contribution has been obtained from measure-
ments provided by the GRACE mission launched in 2002. GRACE
measures the variations in the gravity field caused by changes in the
water mass of the Earth, then providing an independent measure of
the mass contribution to sea level changes. The Level-2 Release-04
(RL04) gravity coefficients computed at the Center for Space Research
(CSR) were used to estimate monthly global water mass variations for
the period August 2002 to the end of 2008with a spatial grid of 1°×1°.
The data include corrections to specific spherical harmonic coeffi-
cients due to solid Earth and ocean tidal contributions to the
geopotential. GRACE pre-processing also removes variability from
an ocean barotropic model (i.e., the high-frequency ocean mass
variations forced by winds and pressure) along with the atmospheric
mass. The solid and ocean pole tide are also removed. RL04
coefficients are supplied to degree and order 60. Correlated errors
between even or odd Stokes coefficients (Clm,Slm) are removed by
means of a 5th order polynomial fit (Chambers, 2006). Degree 2, order
0 coefficients fromGRACE are replacedwith those from the analysis of
Satellite Laser Ranging (SLR) data (Cheng and Tapley, 2004). We also
restore modeled rates for certain coefficients (degrees 2, 3, and 4 for
order 0, and degree 2 for order 1) as discussed in the Processing
Standards Documents (Bettadpur, 2007). The last step for obtaining
the Stokes coefficients is done by adding back the mean monthly
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gravity coefficients of the ocean bottom pressure supplied by the
project which were removed in the preprocessing (Flechtner, 2007)
and an estimate of degree 1 gravity coefficients (Swenson et al., 2008).
In order to compensate for poorly known short-wavelength
spherical harmonic coefficients, gravity coefficients are converted
into smoothed maps of surface mass density by means of a Gaussian
spatial average (Wahr et al., 1998). Surface mass density is converted
to equivalent surface height by dividing it by the density of fresh
water. The radius of the Gaussian smoothing function used in this
study is 500 km. Because the smoothing is done on global spherical
harmonics, any large hydrological signal over land will leak into the
ocean signal near the coast. The Climate Prediction Center (CPC)
hydrological model has been used to correct the effect of land waters
(Fan and van den Dool, 2004). In order to be consistent with GRACE,
we have smoothed the hydrology field by using the same spatial
averaging applied to GRACE data.
A correction for the Glacial Isostatic Adjustment (GIA) has also
been applied. In this work we use the GIA correction field computed
by Paulson et al. (2007) and expressed in terms of a mass rate. It is the
only solution which is currently publicly available and it has been
obtained from http://grace.jpl.nasa.gov/data/pgr. Again, the mass rate
estimates were smoothed using a Gaussian averaging function of
500 km radius in order to be consistent with GRACE data.
3. Regional sea level variability during 2002–2008
Sea level anomalies from altimetry and the steric and mass
contributions have been compared for the period 2004–2008. Such
period has been chosen to ensure that the number of S observations is
large enough to compute steric sea level reliably. The Ishii data set is
thus restricted to the short period 2004–2006. Despite this limitation
it is included in the analysis because it provides an estimation of the
uncertainties that will be used later on in the paper. For the purpose of
comparison all fields have been filtered using a Gaussian filter of
radius 500 km. The steric contribution has been estimated using the
two available data sets, referred to simply as Ishii (2004–2006) and
EN3 (2004–2008) hereinafter.
3.1. The seasonal cycle
The dominant signal in the time series is the seasonal cycle caused
by the warming/cooling of the ocean and the exchange of waters
between land and oceans between seasons. Since the sea level
seasonal cycle is unsteady in time (Marcos and Tsimplis, 2007) the
same period (from 2004 to 2008) has been chosen in all cases for the
consistency of comparisons.
The annual cycle of the mass component has been obtained on one
hand from GRACE observations and on the other hand from steric-
corrected altimetry (Fig. 1), ranging between 0 and 6 cm in both cases
(color scales are however defined from 0 to 4 cm for a better
visualization of spatial structures). On average the annual cycle
represents 25% of the monthly mass signal, reaching values of up to
50% only in the southern ocean, where amplitudes reach 5 cm.
According to GRACE observations, maxima values are found around
Greenland and in the northernmost Pacific coasts; none of these areas
are monitored by the altimetry data used, therefore preventing the
comparison with non-steric sea level. Leakage from land hydrology is
expected to be very large in this areas and it may generate such signal.
For the same reason, larger than average values are also found close to
Antarctica, especially around the Antarctic Peninsula. An annual signal
larger than average is also obtained in the western equatorial regions
of the North Atlantic, likely related to the seasonal variations of large
river runoff. Large differences are found between GRACE observations
and steric-corrected altimetry at equatorial regions. We suspect this is
Fig. 1.Mean annual amplitudes (left column) and phases (right column) of the mass component of sea level as observed by GRACE and as inferred from altimetry minus steric sea
level. Values are in cm and degrees respectively.
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related to different spatial resolution of the data and to the relatively
low signal-to-noise ratio of GRACE in the tropics (e.g., Wahr et al.,
2004).
3.2. Regional sea level budgets
Regional sea level budgets are explored for seven regions, namely
the North, Equatorial and South Pacific and Atlantic Oceans and the
Indian Ocean. The mass contributions to sea level changes averaged
over each region as observed by GRACE and as inferred from steric-
corrected altimetry using Ishii and EN3 climatologies are shown in
Fig. 2. The correlation between observed and computed mass for their
common periods is quoted for each graph. Time series are dominated
by seasonal variations. Correlations are significant almost everywhere
with values ranging between 0.4 and 0.8. The exceptions are the north
and equatorial Atlantic regions, where correlations are not statistically
significant for the longer period 2004–2008. This could be partly
attributed to the computation of steric sea level using interpolated
data that are biased in such regions with high variability due to the
Gulf Stream (Miller and Douglas, 2004). On the other hand in these
regions there is a smaller number of valid S profiles which suggests a
less reliable steric estimation.
Overall it is fair to say that the two steric sea level data sets are
consistent to each other and provide similar correlations between
steric-corrected altimetry and mass changes from GRACE.
A large part of the high correlation values is likely due to the
dominance of the seasonal cycle, with a major portion of the seasonal
cycle controlled by global oceanmass variations, of ±1 cm. In order to
explore the inter-annual consistency of sea level budgets, the mean
seasonal cycle is removed from each time series. Results are shown in
Fig. 3 (only the steric-corrected altimetry using EN3 is shown for
simplicity). De-seasoned time series of mass observations and steric-
corrected altimetry have similar variability. Variances are larger for
steric-corrected altimetry than for GRACE data only in the south
Atlantic (2.1 and 1.2 cm2 respectively) and in the Indian Ocean (0.9
and 0.5 cm2 respectively). They are nearly the same everywhere else,
ranging between 0.3 and 0.9 cm2 depending on the region. The RMS of
the signals and the RMS of their difference is generally of the same
magnitude. The reason is the presence of some large peaks in one of
the signals and not in the other.
As expected, correlations have decreased in all the regions when
not considering the seasonal cycle (Fig. 3). They become not
significant in the equatorial regions and in the North Atlantic.
Smoothed time series obtained with a 6-month running average are
also plotted in Fig. 3. Linear trends from deseasoned time series are
Fig. 2. Comparison between the measured (from GRACE) and inferred (altimetry minus steric component) mass contribution to sea level for different regions. North regions are
defined between latitudes 30°N–50°N, equatorial between 20°S–20°N, and south 60°S–30°S. The correlation between both curves is quoted in the right low corner of each graph
when significant at the 99% confidence level (NS otherwise).
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quoted in Table 1 together with uncertainties as given by standard
errors.
In the North Pacific region, inter-annual changes of steric-
corrected altimetry and GRACE observations are fairly correlated
(0.54) and both show positive linear trends. GRACE time series
present a relative minimum in 2006, in agreement with the results of
Chambers and Willis (2008) for a similar but smaller region of the
North Pacific. These authors found a trend of about 9 mm/yr for a
different period (2003–mid 2007). In our case the GRACE trend for
2004–2008 is 6.7±1.1 mm/yr. Song and Zlotnicki (2008) suggested
that ocean bottom pressure below the sub-polar gyre of the North
Pacific correlates with tropical ENSO episodes, resulting in below
average ocean bottom pressure shortly after an event and above
average shortly before. Fig. 4a represents smoothed and detrended
GRACE observations averaged over the North Pacific altogether with
the multivariate ENSO index (Wolter and Timlin, 1998). Two strong
ENSO events took place during the GRACE period, one in early 2003
and one in 2007 (see Fig. 4). Despite there is not statistically
significant correlation between the two curves, GRACE observations
are qualitatively consistentwith Song and Zlotnicki (2008) hypothesis
for these both events. This was already partly confirmed by Chambers
and Willis (2008), but only until mid-2007. The longer GRACE time
series used here permits confirming the predicted drop in ocean
bottom pressure during 2007, though this does not discard the
possibility that such changes can be due to inter-annual variations not
related to ENSO episodes.
In the southern Pacific the correlation between observed and
inferred mass variations at inter-annual scales reaches 0.7. No
significant trends are found in any of the time series (Table 1).
Additionally, Fig. 4b evidences the relationship betweenmass changes
in the southern Pacific basin and the ENSO variability, with a
correlation of −0.5 at a 6-months lag.
In the Indian Ocean GRACE observations and steric-corrected
altimetry show a significant correlation of 0.4. However, large
differences are found in their trends (Table 1). While GRACE observes
Fig. 3. Steric-corrected altimetry obtained using the EN3 data base (black lines) and mass contribution from GRACE (red lines) de-seasoned (solid) and filtered with a 6-months
running mean (dashed). Correlation coefficients are quoted for each region.
Table 1
Trends of the regionally-averaged mass contribution to sea level estimated from GRACE
and from steric-corrected altimetry (using the EN3 climatology) for the period 2004–
2008. Units are in mm/yr.
Region GRACE Steric-corrected altimetry
N. Pacific 6.71±1.11 1.72±0.95
Eq. Pacific 1.60±0.66 3.36±0.62
S. Pacific 0.20±0.80 −0.18±0.83
N. Atlantic −4.91±0.86 0.93±0.87
Eq. Atlantic 0.09±0.71 1.06±0.58
S. Atlantic 0.54±1.11 −1.29±1.26
Indian −0.80±0.64 6.06±0.95
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a trend only slightly different from zero, the value obtained from
steric-corrected altimetry is much larger (6.1±1.0 mm/yr). Such
discrepancy was already pointed out by Willis et al. (2008). They
noted that the large trend observed in altimetry was not visible in
steric data, thus pointing at a mass exchange as being the main cause.
However, this is not confirmed by GRACE observations. Recent
investigations point at new pressure biases in the instruments
deployed in the Indian Ocean as the origin of the difference (D.
Chambers, personal communication).
Mass exchanges between Atlantic and Pacific regions are plotted in
Fig. 5 in order to explore the sub-basin inter-annual variability. Only
GRACE time series are used to avoid the unrealistic steric sea level
estimates in the north Atlantic region. Chambers and Willis (2008)
already demonstrated that inter-annual mass exchanges as large as
seasonal variations exist between the Atlantic and Indian basins with
the Pacific. Also Stepanov and Hughes (2006) identified mass
exchanges between the Southern Ocean and the Pacific (northward
35°S). We therefore focus here in sub-basin exchanges between
northern and southern latitudes. Fig. 5 reveals mass exchanges
between the target regions. Interestingly, two different regimes of
inter-annual barotropic oscillations can be identified. For the period
2003–2006 the Pacific Ocean oscillates in phase while the north and
south Atlantic oscillate out of phase. From 2006 onwards the behavior
is the opposite with the Pacific showing clear out of phase signals and
the Atlantic oscillating coherently.Whether this shift is an exceptional
event or not can only be determined with a longer time series not yet
available. The reasons thus remain uncertain and clearly further
research is needed to determine its origin.
3.3. Consistency of inter-annual variations
Changes in steric-corrected altimetry and mass variations from
GRACE at inter-annual scales are compared on the basis of regional
EOFs. The reason why regional analysis has been preferred to global
analysis is to account for basin scale mass changes and regional
processes without being masked by large scale ocean variations. De-
seasoned fields of altimetry and steric sea level from EN3 as well as
mass variations from GRACE are used. All fields are filtered using a
Gaussian filter of radius 500 km to be consistent with each other. EOFs
have been computed for the same seven regions defined above.
However, only results for the most interesting areas, namely north
and south Pacific and Atlantic Oceans and for the Indian Ocean, are
shown (Figs. 6 to 10).
The two leading EOFs of the North Pacific region are shown in
Fig. 6. The first EOF explains significantly more variance in the GRACE
decomposition (53%) than in the steric-corrected altimetry decom-
position (30%), but the patterns are similar. Positive values dominate
in the entire domain, being larger in the western area, coinciding with
the region where Chambers and Willis (2008) found larger trends.
The large trend found in GRACE data is entirely explained by the first
EOF (8.4±2.0 mm/yr) and is thus associated to the corresponding
spatial pattern. In the second EOF a dipole structure is observed in
steric-corrected altimetry, whereas GRACE field presents a track-like
pattern and does not represent a physical signal.
In the south Pacific (Fig. 7) the first EOFs explain the same
variances in steric-corrected altimetry than in GRACE (30%). A SE–NW
gradient is found in the spatial patterns in both cases, although steric-
corrected altimetry has larger values in the NW. The linear trends of
the temporal amplitudes are large (6 and 11 mm/yr, respectively),
despite the trend of the total series is not different from zero. The
second EOF also shows similar patterns in the two fields and, in this
case, also similar temporal amplitudes. Spatial patterns of mass
variations reflect the signature of the El Niño, the dominant climatic
mode in the area. Correlations of the first and second amplitudes of
GRACE data present statistically significant correlations with ENSO
index of 0.6.
The north Atlantic decomposition shows clear discrepancies
between steric-corrected altimetry and GRACE spatial EOFs (Fig. 8).
The main signal of the steric-corrected altimetry leading EOFs is
associated with the Gulf Stream variability. This happens because the
use of interpolated gridded data for estimating steric sea level biases
Fig. 4. Detrended and smoothed GRACE observations averaged over the North and South Pacific (black, in cm) and ENSO index (blue).
Fig. 5. Detrended and smoothed (with a 6-months running mean) averaged GRACE
observations over the northern and southern sub-basins of the Pacific (top) and
Atlantic (bottom) Oceans.
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the values with respect to using single T and S profiles (Miller and
Douglas, 2004). Therefore the mass contribution in the North Atlantic
as inferred from steric-corrected altimetry is not reliable. The
temporal amplitude of the first EOF computed from GRACE observa-
tions is significantly correlated (0.50) with the East Atlantic pattern
(Barnston and Livezey, 1987). This climate pattern is a dominant
mode in the North Atlantic consisting in a NE–SW dipole similar to
NAO. The pattern of the first EOF presents the same structure. Notably,
the first mode is not correlated with the NAO index. We attribute it to
the fact that NAO acts over northernmost latitudes.
In the south Atlantic the spatial patterns and the variances
explained of the two leading EOFs are consistent between steric-
corrected altimetry and GRACE (Fig. 9). The signals found were first
identified by Fu et al. (2001) as a free barotropicmodewith a length of
about 1000 km and a period of 25 days and with strong seasonal and
inter-annual variability, on the basis of altimetric measurements and
theoretical considerations. Hughes et al. (2007) reported a mode with
lower period (20 days) and suggested that its variability is due to
interaction between eddies, mean flow and topography rather than to
direct atmospheric forcing through pressure and wind. Weijer et al.
(2007) found that the flow variability in the Argentine Basin is caused
by the excitation of several barotropic normalmodes of this basin. The
presence of multiple oscillatory basin modes would reconcile the
previous frequencies. Interestingly, the first EOF of steric-corrected
altimetry clearly reproduces the dipole pattern found by Fu et al.
(2001) and later on confirmed by Weijer et al. (2007).
In the Indian Ocean the largest feature of the GRACE decomposi-
tion is found in the north-eastern part of the domain and is related to
the gravity variations generated by the Sumatra earthquake in 2004
(Fig. 10) (Han et al., 2010); it is thus not reproduced by the steric-
corrected altimetry. The spatial patterns of the first EOF, accounting
for nearly the same amount of variance for the two data sets, present
in both cases larger values in the eastern part of the domain. However,
structures in steric-corrected altimetry are smaller and do not appear
in GRACE. The second EOF of the GRACE decomposition showsmarked
track-like structures.
In summary, at inter-annual scales the steric-corrected altimetry is
consistent with observations of mass changes in the north and south
Pacific and in the south Atlantic. Results are not conclusive for
equatorial areas and are clearly non-consistent in the north Atlantic,
especially near the Gulf Stream. In the Indian Ocean, despite averaged
time series are significantly correlated (Fig. 3) and the amplitudes of
the leading EOF present the same variability (Fig. 10), the spatial
patterns are clearly different. Therefore we have considered the two
fields as non-consistent in this region.
4. Regional sea level changes during 1950–2003 and mass
contribution
In those regions where steric-corrected altimetry and GRACE data
are consistent at interannual time scales, the mass contribution to sea
level changes during the second half of the 20th century may in
principle be estimated by subtracting the steric contribution from
total sea level. For past decades (1950–2003), total sea level is
available through the reconstruction described in Section 2.1 (Llovel
et al., 2009), which approaches altimetry from 1993 onwards. The
reliability of the reconstructed fields is limited by the steadiness of the
spatial patterns obtained during the altimetric period and by the
uneven distribution of tide gauge stations. However, previous studies
have demonstrated the ability of such methodology to capture the
regional sea level variability both globally (Church et al., 2004; Llovel
et al., 2009) and regionally (Calafat and Gomis, 2009; Calafat et al.,
2010).
Steric sea level is obtained integrating the Ishii T and S
climatologies down to 700 m depth for the period 1945–2006. The
uncertainty in the steric component can be estimated from the
uncertainties associated with themonthly T and S fields. In a first step,
the error associated with the specific volume is computed by
Fig. 6. First and second normalized EOFs of the northern Pacific decomposition for steric-corrected altimetry (top) and GRACE observations (middle). The corresponding amplitudes
are shown in the bottom graphs.
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propagating the errors in T and S. To compute the error in the steric
sea level we assume the worst scenario: that the error of the specific
volume is vertically correlated and, therefore, the effect of the vertical
integration is an error accumulation, rather than an error cancelation.
The result will therefore be an upper boundary for the steric error. In a
second step we estimate the error associated with the spatial mean
steric sea level for each region, assuming in this case that errors are
spatially uncorrelated; this is surely not true for small scales (adjacent
grid points suffer from similar errors), but there is no reason to believe
that errors are correlated at regional scale. More details on the
methodology can be found in Calafat et al. (2010). Results yield typical
error values between ±0.7 and ±1.6 cm for yearly regional averages,
being larger at the beginning of the period, when observations are
scarcer.
This methodology has of course some limitations. Firstly, those
areas where it has been demonstrated that steric sea level estimated
from interpolated data is not a good approximation must be
discarded. This is the case of the North Atlantic and the Indian
Ocean. Also the coverage and quality of measurements of the
thermohaline properties of the ocean diminishes backwards in time.
In particular, the interpolation of the scarce salinity measurements
cannot be considered very reliable and thus only thermosteric
changes can be accounted for. This in turn introduces further
uncertainties in the steric estimation, but they are considered to
have a small impact, since T changes dominate steric sea level
variability everywhere except in the north Atlantic (Antonov et al.,
2002). A further limitation comes from the fact that thermosteric sea
level is integrated down to 700 m, which implies that the contribution
of deeper layers to thermal expansion is neglected. Finally, the
interpolation method for T data also introduces uncertainties, though
they are provided for the Ishii climatology.
In order to account, as accurately as possible for these limitations,
we have carried out a careful determination of linear trends and their
associated uncertainties: linear trends are computed using an MM-
regression estimator (Yohai, 1987), which is robust against outliers
and allows including time-varying random errors. These random
errors are in our case the uncertainties related to interpolation errors
explained above. For more details see Appendix A.
If the errors associated with the variables have constant variance
and there are no outliers in the data, then ordinary least squares (OLS)
and robust estimators will lead to similar estimates for both the
coefficients and the standard errors. However in the presence of
errors having non-constant variance (heteroskedasticity), OLS will
underestimate standard errors. Moreover if data also suffer from
outliers, the coefficient estimates can be seriously biased. A robust
standard error consistently estimates the true standard error even for
data that suffer from heteroskedasticity and outliers. In order to
illustrate this we have computed the thermosteric sea level trend for
the North Pacific for the period 1945–2006 by means of both an OLS
and an MM-regression estimator. For the OLS we have obtained a
trend of −0.09±0.04 mm/yr. In the case of the MM-estimator we
have taken into account the uncertainties associated with the
thermosteric sea level (which we know are larger at the beginning
of the period, i.e., they suffer from heteroskedasticity). The thermos-
teric sea level trend obtained from the MM-estimator is −0.20±
0.05 mm/yr.
Regional sea level trends and their uncertainties for all regions
except the north Atlantic and the Indian Ocean are listed in Table 2.
Regional trends of total sea level vary between 1.5 and 1.7 mm/yr
according to the sea level reconstruction. Values for thermosteric sea
level are much smaller everywhere, ranging between 0.03 and
0.58 mm/yr. The remaining observed sea level rise is attributed to
two factors: the thermal expansion of the deeper layers and the
changes in ocean bottom pressure caused by mass variations.
Regarding the contribution of the deep layers, Guinehut et al.
(2006) used Argo data and sea level anomalies from altimetry to
Fig. 7. As in Fig. 7, but for the southern Pacific region.
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conclude that the differences between both data sets when steric sea
level is computed with respect to a reference level at 700 m and at
1500 m is less than 10%.
It turns out, therefore, that the contribution of water mass changes
dominates sea level changes in all regions. Our approach yields trends
varying between 1.05±0.07 mm/yr in the equatorial Atlantic and
1.57±0.07 mm/yr in the north Pacific (Table 2). These values
represent between 65% and 96% of the total observed regional sea
level rise.
5. Discussion and final remarks
Comparisons among sea level from altimetry, steric sea level
estimated from hydrographic data bases and ocean mass changes
observed by GRACE have shown that the annual cycle of the ocean
mass is in general well approximated by steric-corrected altimetry.
Regionally averaged seasonal cycles are highly unsteady in time and
represent only a small fraction of the total seasonality observed in sea
level, in agreement with Llovel et al. (2010). At inter-annual scales the
correlation between inferred and measured regional mass variations
is smaller. We have also found that regional ocean mass variability is
significantly larger than global changes, similarly to what happens
with total and steric sea level. Besides the fact that steric-corrected
altimetry has better resolution than GRACE observations, two other
reasons have been identified for the weaker consistency between the
two fields at inter-annual scales. The first one is related with the
GRACE processing errors. The low signal-to-noise ratio of GRACE data
prevents from making satisfactory comparisons with steric-corrected
altimetry, in agreement with Llovel et al. (2010). This problem is at
least partially overcome when working with regionally averaged sea
level. We have found significant correlations in the north and south
Pacific, in the south Atlantic and in the Indian Ocean. Conversely,
results are not satisfactory in equatorial regions and in the north
Atlantic. The second reason for the lack of consistency is the inability
of interpolated T and S data to account for steric sea level in areas with
large variability such as the Gulf Stream region.
The comparison of mass variations among different regions has
revealed the exchange of ocean mass between northern and southern
latitudes in the Atlantic and Pacific Oceans at inter-annual time scales.
Furthermore such exchanges occur out of phase between the two
oceans, although the short length of the GRACE time series prevents
from drawing definitive conclusions with respect to the underlying
mechanisms that drive this variability.
The consistency between regional steric-corrected altimetry and
GRACE observations has been examined through the EOFs analysis
and has revealed similar patterns of oscillation in the North and South
Pacific and in the South Atlantic. In the latter moreover the barotropic
mode of the Argentine basin is the main pattern in both data sets. The
second EOF of GRACE data often reflects track-like patterns.
Linear trends of the mass contribution to sea level computed by
GRACE data are highly dependent on the GIA correction applied.
Further work is clearly needed to reconcile the currently available GIA
Fig. 8. As in Fig. 7, but for the North Atlantic region.
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corrections provided by Paulson et al. (2007) and Peltier (2009).
Regional sea level budgets cannot be closed using any of the two
corrections, but the agreement is higher in most regions when using
the correction chosen for this work (the one by Paulson et al., 2007).
Regarding longer term trends, comparisons of the thermal
expansion of the top 700 m against total sea level rise for last decades
indicates that the former is a minor contributor to the latter in all
regionsworldwide. Assuming that the thermal expansion of the layers
deeper than 700 m is much smaller than that of the top layers, we
conclude that the mass addition is the main contributor to regional
mean sea level rise during the second half of the 20th century. This
applies to all the regions examined, indicating that the origin of the
observedmass increases is not a redistribution of oceanmass between
regions, but a net global increase resulting from fresh water addition
due to melting of glaciers and ice-sheets.
Our result is in agreement with Miller and Douglas (2004), who
pointed at mass increase as the dominant factor in global mean sea
level rise during the past century based on tide gauge observations
and hydrography. Conversely, this result contrasts with the global
average obtained by Domingues et al. (2008), who estimated a
contribution of about 0.8 mm/yr of mass addition of a total sea level
rise of 1.6±0.2 mm/yr for the period 1961–2003. Their estimate of
the thermosteric contribution of the upper 700 m is 0.52±0.08 mm/
yr, which is about 50% larger than the 0.31±0.07 mm/yr given by Ishii
et al. (2006) and the 0.33 mm/yr given by Antonov et al. (2005) for
the period 1955–2003, also for the upper 700 m. Part of the
disagreement may be caused by the fact that Domingues et al.
(2008) assumed a linear increase in the rate of change of the
contribution of Greenland and Antarctic ice sheets, despite the very
little information available to constraint these values. Moreover, they
used a deep-ocean thermosteric contribution of 0.2 mm/yr, that is,
40% of their estimate for the thermosteric contribution of the upper
700 m; this is in contradiction with the results obtained by Guinehut
et al. (2006), who concluded that the contribution of the layers deeper
than 700 m is much less important. If only the upper-ocean
thermosteric contribution is taken into account, then the mass
contribution is of the order of 1.1 mm/yr when using the estimate
given by Domingues et al. (2008) and about 1.3 mm/yr when using
the estimates given by Ishii et al. (2006) and Antonov et al. (2005).
These estimates are in better agreement with our results.
When quantifying the mass contribution to long term regional sea
level rise in terms of non-steric sea level, the computation of the
regional steric component is a significant source of uncertainty. The
other source is the reconstruction used to represent total sea level
Fig. 9. As in Fig. 7, but for the South Atlantic region.
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fields for the pre-altimetric period. Trends in reconstructed sea level
are determined by the set of selected tide gauges and by the optimal
interpolation method. Thus different spatial distribution of the tide
gauge records can lead to small differences in regional sea level
trends. Indeed, a region with many tide gauges will be strongly
constrained by the optimal procedure to fit the tide gauge records,
while regions with a sparse tide gauge distribution will be less
constrained and can show differences, particularly at small scales.
Further differences can be obtained depending on whether a full
covariancematrix error is used or not for the interpolation. Despite all
these uncertainty sources, however, the conclusion on the small
fraction of the observed sea level rise accounted for by the
thermosteric contribution remains unchanged.
An interesting question that remains open is whether the spatial
pattern of the mass contribution to long term sea level rise can
provide information on the sources of such fresh water input.
Recently, Stammer (2008) derived the response of the ocean
circulation to enhanced fresh water input associated with melting
ice-sheets using an ocean general circulation model. He established
that the dynamic response to ice melting implies the development of
Kelvin and Rossby waves that propagate the sea surface height
anomalies into the ocean basins at different time scales. According to
Stammer (2008) results, the dynamic response would be much larger
than the gravity response to themelting of continental glaciers and ice
sheets. The latter induces spatial gradients of sea level due to the
change of the geoid height, with lower than mean values close to the
melting location and higher values in the far field (Mitrovica et al.,
2001; Tamisiea et al., 2001). The linear trends of themass contribution
to sea level obtained for the period 1950–2003 are mapped in Fig. 11.
Our results show striking similarities with the maps of sea surface
height anomalies derived from the melting of Greenland (see Fig. 6 in
Table 2
Linear trends of total and thermosteric sea level and the difference between them.
Reconstruction
(total sea level)
Thermosteric Total — thermosteric
N. Pacific 1.63±0.04 0.03±0.07 1.57±0.07
Eq. Pacific 1.69±0.04 0.24±0.07 1.41±0.08
S. Pacific 1.52±0.03 0.14±0.04 1.41±0.04
Eq. Atlantic 1.63±0.03 0.58±0.07 1.05±0.07
S. Atlantic 1.60±0.02 0.22±0.05 1.39±0.05
Fig. 10. As in Fig. 7 but for the Indian Ocean.
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Stammer, 2008). The coherence between both spatial patterns points
at Greenland as the major source of fresh water input during the
second half of the 20th century. However, given the limitations
inherent to the interpolation of hydrographic data and to the use of
reconstructed sea level field, further research is needed to ensure this
point.
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Appendix A
Linear trends are computed using an MM-regression estimator
(Yohai, 1987) calculated with an initial S-estimate (Roussseeuw and
Yohai, 1984). The MM-regression estimator is computed with loss
functions in Tukey's bi-square family. The tuning constants have been
chosen to obtain simultaneous 50% breakdown-point and 95%
efficiency when the errors are normally distributed. The S-estimate
has been computed by means of the fast algorithm for S-regression
estimates developed by Salibian-Barrera and Yohai (2006). While
MM-estimators are robust against outlying observations and hetero-
skedasticity, standard errors estimates also need to be reliable, in the
sense of not being overly biased by the presence of outliers and
heteroskedasticity. In order to understand the importance of this
point, let us consider the regression model
yi =
→x ′iβ0 + σεi; i = 1; :::;n
where yi are independent observations,
→xi are the predictor variables,
β0 is the unknown regression coefficient to be estimated, εi are
random errors, and n is the number of observations. Ideally, one
would like to assume that the distribution of the data follows some
specific symmetric distribution (F0) such as the standard normal
distribution. To allow for the occurrence of outliers and other
departures from the classical model, we will assume that the actual
distribution F takes the form
F = 1−εð ÞF0 + εF˜
where 0≤ ε b 12 and F˜ is an arbitrary and unspecified distribution.
Under this assumption, the interpolation errors associated with the
steric sea level (see Section 2.1) can be taken into account to obtain a
robust estimate of the errors associated with the linear trends by
simply adding an error term of the form ε˜iN 0;1ð Þ, where ε˜i is the error
associated with the ith observation and N (0,1) is the standard normal
distribution with mean 0 and unity variance. Steric sea level errors do
not have constant variance, mainly due to the fact that the number of
observations is larger at the end of the period than at the beginning,
and therefore the actual distribution of yi is of the form of F. In the
cases that the errors ε˜i are not known we set them equal to 0, and
therefore, the estimates of the standard errors are associated with
natural variability and unknown random errors.
The standard error of robust estimates can be estimated using their
asymptotic variances. However, the asymptotic distribution of MM-
estimates has mainly been studied under the assumption that F=F0,
which does not strictly hold in many situations. In order to obtain
robust estimates of the errors associated with the trends, we have
used the fast bootstrap method proposed by Salibian-Barrera (2006),
which yields a consistent estimate for the variance of the trend under
general conditions. The simulation used to approximate the bootstrap
distribution consists of bootstrapping the residuals of the MM-
estimate.
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Abstract
The global mean sea level (GMSL) shows positive/negative anomalies during El Nino/La 
Nina events. In a previous study, we showed that GMSL and total land water storage 
variations are inversely correlated, with lower-than average total water storage on land and 
higher-than-average GMSL during El Nino. This result is in agreement with the observed
rainfall deficit/excess over land/oceans during El Nino (and vice versa during La Nina). It 
suggests that the positive GMSL anomaly observed during El Nino is likely due to an ocean 
mass rather than thermal expansion increase. Here, we analyse the respective contribution of 
the Atlantic, Indian and Pacific oceans to the interannual (ENSO-related) GMSL anomalies 
observed during the altimetry era (i.e., since 1993) with an emphasis on the 1997/1998 El
Nino event. For each oceanic region, we compute the steric contribution, and remove it from 
the altimetry-based mean sea level to estimate the ocean mass component. We find that mass
change of the tropical Pacific ocean, mainly in the region within 0°-25°N, is responsible for 
the observed 1997/1998 ENSO-related GMSL anomaly, and almost perfectly compensates the 
total land water deficit during the 1997/1998 El Nino.




On interannual to multidecadal time scales, global 
mean sea level (GMSL) variations can be explained 
by ocean thermal expansion and water mass 
variations (due to land ice melt and land water 
storage changes) (e.g., Bindoff et al., 2007). Over 
the altimetry era (1993-2010), the rate of GMSL
rise amounts to 3.2 +/- 0.4 mm/yr (e.g., Ablain et 
al., 2009, Nerem et al., 2010) and is rather well 
explained by ocean thermal expansion (by ~30%) 
and land ice loss (~60%) (e.g., Cazenave and 
Llovel, 2010, Church et al., 2011).  So far however,
little attention has been given to explain the origin 
of the GMSL interannual variability. For the 
altimetry era, Nerem et al. (2010) noticed that
detrended GMSL changes are correlated to ENSO 
(El Nino-Southern Oscillation) occurrences, with 
positive/negative sea level anomalies observed 
during El Nino/La Nina. This is illustrated in Fig.1a
showing detrended altimetry-based GMSL over 
1993-2010 and the Multivariate ENSO Index (MEI, 
Wolter and Timlin, 1998). The correlation between 
the two monthly data sets is rather modest (equal to 
0.4) for the whole time span, but it reaches 0.7
when the calculation is performed over the 1997-
1998 period including the very strong record-
breaking 1997/1998 El Nino event. This suggests 
that ENSO influences either ocean thermal 
expansion or ocean mass (or both). Interestingly,
Llovel et al. (2011a) reported that the interannual 
GMSL variations are inversely correlated to 
interannual variations in global land water storage,
with a tendency for a deficit land water storage 
during El Nino events (and vice versa during La 
Nina). This was shown through a global water mass 
conservation approach using GRACE (Gravity 
Recovery and Climate Experiment) space 
gravimetry data and the ISBA-TRIP (Interactions 
between Soil, Biosphere and Atmosphere –Total 
Runoff Integrating Pathways) global hydrological 
model developed at MeteoFrance (Alkama et al., 
2010) to estimate land water storage changes over 
the altimetry era. 
Continental waters are continuously exchanged 
between atmosphere, land and oceans through
vertical and horizontal mass fluxes (precipitation, 
evaporation, transpiration of the vegetation, surface 
runoff and underground flow). Conservation of
total water mass in the climate system at 
interannual time scale (neglecting to a first 
approximation, the atmospheric reservoir as in 
Llovel et al., 2011a) leads to :
ΔMocean ≈ - ΔMLW (1)
where ΔMocean and ΔMLW represent changes with
a)
b)
Fig.1: (a) Detrended altimetry-based global mean sea level 
(GMSL, solid line) and  Multivariate ENSO Index (MEI, 
dotted line).  Positive MEI values denote El Nino periods, 
and negative values La Nina periods (b)  Detrended 
altimetry-based global mean sea level (GMSL, solid line) 
and reversed (i.e., multiplies by -1) total land water 
storage from the ISBA-TRIP model expressed in 
equivalent sea level (LW, dotted line).
time of ocean mass and total land water storage due 
to total fresh water input/output from precipitation,
evaporation-transpiration and runoff. Total land 
water storage change can be further expressed in 
terms of equivalent sea level change by simply 
dividing the total continental water volume change 
by the mean surface of the oceans and changing its
sign (i.e., multiplying by -1 to reflect the fact that 
less water on land corresponds to more water in the 
oceans, and inversely). Fig.1b shows the total land 
water storage change over 1993-2008 (an update of 
Llovel et al., 2011; see section 2.3), expressed in 
equivalent sea level, superimposed to the detrended 
GMSL. We can note the good quantitative 
agreement between the two curves, in particular 
during the 1997/1998 El Nino event. This result is 
not surprising as it is known that during an El Nino, 
there is more rain over the oceans and less rain on 
land as reported by several studies (e.g., Dai and 
Wigley, 2000, Gu et al., 2007, Gu and Adler, 2011). 
3
The fact that the positive 1997/1998 GMSL
anomaly is quantitatively well explained by the 
negative total land water storage anomaly suggests
that there is almost perfect water mass 
compensation between ocean and land during that 
period, and that other processes (e.g., ocean heat 
storage change) are negligible.
In the present study, we investigate this issue
further and intend to determine whether the total 
ocean water mass excess noticed during El Nino is 
uniformly distributed over the oceans or not. If not, 
we want to know which ocean basin and/or region 
are mainly responsible for the ENSO-related 
GMSL anomalies. For that purpose, we consider 
the altimetry time span (since 1993), but mostly 
focus the discussion on the 1997/1998 ENSO event.
We compute the detrended mean sea level in 
different oceanic regions, estimate the steric 
component (thermal expansion plus salinity effects) 
using in situ ocean temperature and salinity data,
and deduce the ocean mass component for each 
region (from the difference between altimetry-
based mean sea level and steric sea level).  We find 
that it is the north tropical Pacific region that 
mostly contributes to the observed (anti) correlation
between interannual GMSL and global land water 
storage during ENSO. We further estimate the 
water budget of the ocean-atmosphere system over 
the north Pacific region, considering the time
derivative of ocean mass, precipitation P,
evaporation E, and transport of water in and out the 
considered region. Finally we discuss potential 
processes causing the tropical North Pacific mass 
anomaly during ENSO.
2. Datasets
2.1 Sea level data
For the altimetry-based sea level data, we use the 
DT-MSLA “Ref” series provided by Collecte 
Localisation Satellite (CLS; 
http://www.aviso.oceanobs.com/en/data/products/se
a-surface-height-products/global/msla/index.html).
This data set is used over the time span from 
January 1993 to December 2010. It is available as 
1/4°×1/4° Mercator projection grids at weekly 
interval from a combination of several altimetry
missions (Topex/Poseidon, Jason-1 and 2, Envisat 
and ERS 1 and 2). Most recently improved 
geophysical corrections are applied to the sea level 
data (see Ablain et al., 2009 for details). 
2.2 Steric data
Steric sea level is estimated using an updated 
version (v6.12) of in situ ocean temperature and 
salinity data from Ishii and Kimoto (2009) (called 
hereafter IK09). The IK09 temperature data are 
corrected for the XBT depth bias. The temperature 
and salinity data are available at monthly interval
over 16 depth levels ranging from the ocean surface 
down to 700 m depth, on a global 1° x 1° grid from 
1955 to 2009. Steric sea level anomalies are 
computed over the 0-700 m depth range for the 
period January 1993 to December 2009. The deep 
ocean contribution cannot be accounted for since 
hydrographic data below 700 m are too sparse, 
noting however that recent studies showed that 
almost all interannual variability in steric sea level 
in confined in the upper 300 - 500 m of the ocean 
(e.g., Llovel et al., 2011b). At global scale, salinity 
does not contribute to the GMSL, but this is not 
true at regional scale. This is why here we account 
for salinity in this study.
2.3 ISBA-TRIP global hydrological model
To estimate global land water storage, we use the 
ISBA-TRIP global hydrological model developed 
at MeteoFrance. The ISBA land surface scheme 
calculates time variations of surface energy and 
water budgets. Soil hydrology is represented by
three layers: a thin surface layer (1cm) included in 
the rooting layer and a third layer to distinguish 
between the rooting depth and the total soil depth.
The soil water content varies with surface 
infiltration, soil evaporation, plant transpiration and
deep drainage. ISBA uses a comprehensive 
parameterization of sub-grid hydrology to account 
for heterogeneity of precipitation, topography and 
vegetation within each grid cell. It is coupled with 
the TRIP (Total Runoff Integrating Pathways)
module (Oki and Sud, 1998). TRIP is a simple river 
routing model converting daily runoff simulated by 
ISBA into river discharge on a global river channel 
network here defined at 1° by 1° resolution. Details
on the ISBA-TRIP model can be found  in
Decharme et al. (2006) and Alkama et al. (2010).  
The outputs of the ISBA-TRIP model cover the 
period January 1950 to December 2008, with 
values given at monthly interval on a 1°x1° grid. 
They are based on a forced mode run, with global 
meteorological forcing provided by the Princeton 
University on a 3-hourly time step and 1° resolution.
We updated by two additional years (up to 
December 2008) the total land water storage 
computation done by Llovel et al. (2011a) using the 
ISBA-TRIP model. The whole land surface has 
been considered. The reversed total (i.e., whole 
land area-averaged) land water storage curve shown 
in Fig.1b (estimated from ISBA-TRIP model and 
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expressed in sea level equivalent) has not been 
detrended (unlike the GMSL curve) because the 
land water storage trend is negligible. The 
correlation between the two curves is 0.4 over the 
whole period. It increases to 0.70 when considering 
the 1997-1998 time span (El Nino event).
2.4 Precipitation, evaporation and wind stress data
Precipitation P and evaporation E data used in this 
study are based on different data sets. For 
precipitation, we used products from the Global 
Precipitation Climatology Project (GPCP, Adler et 
al., 2003) and Climate Prediction Center Merged 
Analysis of Precipitation (CMAP, Xie & Arkin, 
1997). For evaporation, we used the Objectively 
Analyzed air-sea Fluxes product (OAFlux, Yu and 
Weller, 2007) and the Hamburg Ocean Atmosphere 
Parameters and Fluxes from Satellite Data (HOAPS, 
Anderson et al., 2007). We also used reanalysis 
products from the European Centre for Medium-
Range Forecast (ECMWF) ERA-Interim data 
(Simmons et al., 2007) which provides both 
precipitation and evaporation data. To give more 
confidence in the inferred net precipitation (P-E), 
we also estimated (P-E) using other parameters of
the atmospheric moisture budget, namely 
precipitable water Pwater and moisture flux 
divergence divQ (as done in several global- and 
regional-scale studies; e.g., Syed et al., 2009; Sahoo 
et al., 2011). This was performed through the 
relationship:
P-E= -(dPwater/dt+divQ)   (2)
The Pwater and divQ data were provided by the 
ECMWF ERA-Interim and the National Centers for 
Environmental Prediction / National Center for 
Atmospheric Research (NCEP/NCAR, Kalnay et al., 
1996) data bases.
All these data sets provide monthly global data on 
regular grids (resolution from 0.5° to 2.5° 
depending on the data set) in units of mm/month. 
All gridded data are further expressed in terms of 
monthly averages over the period January 1993 to
December 2009. 
2.5 Filtering, averaging, weighting, smoothing
and data uncertainties 
As we focus here on the interannual variability, for
all data sets, we remove the seasonal signal at each 
mesh of all gridded fields (i.e., before area-
averaging), through a least-squares adjustments of 
6-month and 12-month period sinusoids. Mean 
time series are obtained by geographical averaging 
applying a cosine (latitude) weighting.  To each 
spatially averaged time series, we also remove a 
linear trend over the 1993-2009 time span. A 3-
month running filter is further applied.  
Estimate of data uncertainties depends on the data 
set. For altimetry-based sea level data, uncertainty 
of 3-month area-averaged sea level data is
estimated to ~1 mm (assuming a 4 mm error for 10-
day mean values; see Ablain et al., 2009). The 
steric sea level error is estimated from the 
difference between the IK09 and Levitus et al. 
(2009) steric data sets. We find a mean error of 
~1.5 mm for the 3-month globally area-averaged 
steric sea level data. A similar approach is 
conducted to infer the P-E error using the 
differences between direct P and E estimates as
well as indirect estimates from the atmospheric 
water balance equation (see section 4.1).
3. Results: Contributions of thermal expansion
and mass component to the mean sea level in the 
Atlantic, Indian and Pacific oceans, 1993-2010
We computed the spatially-averaged altimetry-
based and steric sea level, as well as mass 
component (i.e., the difference between altimetry-
based mean sea level and steric component,
assuming that the deep ocean contribution is 
negligible) over the: (1) Atlantic ocean (70°W to 
20°E; 60°S to 60°N latitude), (2) Indian ocean 
(20°E to 120°E, 60°S to 30°N), and (3) Pacific
ocean (120°E to north and south America coasts, 
60°S to 60°N). Figures 2a-c show the relative
contributions of the Atlantic, Indian, and Pacific
oceans to the interannual GMSL, as well as 
corresponding steric and ocean mass components.
The term ‘relative contributions’ means that each 
curve is weighted by the ratio between the surface 
of the considered area and the whole ocean surface
(hereafter called ‘area weighting’).
The contributions of the Atlantic, Indian and 
Pacific sea level to the GMSL display significant
interannual variability, with mean standard 
deviations of 1.1, 1.4 and 1.2 mm, respectively.
Atlantic and Indian oceans show positive sea level 
anomalies peaking in 1998/early 1999, likely 
related to the La Nina phase that followed the 
1997/1998 El Nino. These sea level anomalies are 
likely of thermal origin as the steric component 
closely follows the observed sea level. The 
correlation between mean sea level and steric sea 
level over 1997-1998 is 0.75 and 0.67 for the 
Atlantic and Indian oceans respectively, reinforcing 
the fact that during this El Nino period, the sea





Fig.2: Contribution of the (a) Atlantic, (b) Indian, and (c) 
Pacific basins to the global mean sea level: area-averaged 
mean sea level (MSL, dotted  line), area-averaged mean 
steric sea level (SSL, solid line) and ocean mass component 
(difference between the former two) (OM, solid line with 
crosses). See text for basin boundaries.  Units are mm (sea 
level equivalent). The MSL/SSL and OM time series are 
shifted vertically for clarity. Note that the time series are 
area-weighted (i.e., multiplied by the ratio between the 
surface of considered region and the whole ocean surface).
In late 1997/early 1998, the Pacific steric sea level 
is negative while the observed sea level is slightly 
positive. The correlation between the mean sea 
level and steric sea level is only 0.2 over 1997-1998,
contrasting with the higher correlation values 
discussed above for the Atlantic and Indian oceans. 
The Pacific mass component presents a large 
negative anomaly in 1997 followed by a steep rise 
and a positive anomaly in early 1998. This result 
suggests that the 1997/1998 GMSL anomaly could 
be located in the Pacific Ocean. 
To further infer the exact location of this mass 
anomaly, we computed the zonally-averaged (from 
120°E to the American coasts) time-latitude 
diagram of the Pacific ocean mass anomalies
(considering 1° wide latitudinal bands). The 
diagram is shown in Fig.3. It displays a positive 
anomaly in the ~10°S-20°N latitude band during 
the 1994/1995 El Nino, followed another positive 
anomaly during the 1997/1998 El Nino, located in 
the 5°S-30°N latitude band, and with an amplitude 
of ~20 mm. The mass anomalies of this tropical 
band are then weaker or even slightly negative 
during the remaining time period that includes both 
El Nino and La Nina events. .
From the diagram presented in Fig.3, we may
conclude that the main 1997/1998 ENSO-related 
Pacific Ocean mass anomaly seen in Fig.2c is 
located in the 5°S-30°N latitudinal band. To 
further detail the importance of such an anomaly, 
the top inset in Fig. 3 represents the (reverse) total 
land water storage time series expressed in 
equivalent sea level (as in Fig. 1b), and the right-
hand side inset shows the correlations (computed 
over the 1993-2008 and 1996-2000 time spans;
respectively black and red curves) between the land 
water time series and the Pacific mass anomalies 
within successive 1° latitudinal bands.  The right 
hand side curves shows that positive correlations
are obtained in the north tropical domain, with 
correlation maxima (reaching 0.8) around the 
equator, 10°N and 20°N. In the following, we 
consider the 0°-25°N latitudinal band for the 
tropical Pacific mass anomaly. But tests have 
shown that considering slightly different bands (e.g., 
5°S-25°N or 0°-30°N) leads to essentially similar 
results. Note also that considering a longitude area 
as of 100°E instead of 120°E (i.e., including the 
South China Sea) does not change these results.
To determine the zonal extension of the 0°-25°N
mass anomaly, we computed a longitude-time
diagram of the mass anomalies. It is shown in Fig.4. 
6Fig.3: Time-Latitude diagram of the zonally-averaged (from 120°E to the American coasts) Pacific ocean mass component. 
Values have been smoothed with a 6-month running mean for clarity. Units: mm (sea level equivalent). The top curve 
represents the reversed total land water storage time series expressed in equivalent sea level, as in Fig. 1b. The right-hand 
side black and red curves are the correlations as a function of latitude  between the land water storage curve (in equivalent 
sea level) and  Pacific ocean mass  in successive 1° wide latitudinal bands over the whole time span and over 1996-2000, 
respectively.
In Fig.4, we observe a band of positive mass 
anomalies during the 1997/1998 El Nino extending 
from  about 120°E-140°E to the coast of America. 
In contrast, we note a band of negative anomalies 
located in the central tropical Pacific during the 
1999/2000 La Nina.
Fig.4: Longitude-time diagram of meridionally-averaged 
Pacific ocean mass component  (data averaged in latitude 
between 0° and 25°N). Values have been smoothed with a 
6-month running mean  for clarity.
To check whether the north tropical Pacific mass 
anomaly quantitatively correlates with (i.e., is 
compensated by) the total land water storage 
change, we restricted the analysis done for Fig.2c to 
the 0°-25°N tropical Pacific. The corresponding 
altimetry-based sea level, steric sea level and ocean 
mass time series are shown in Fig.5 (with area-
weighting). On the ocean mass curve we have 
superimposed the (reversed) total land water curve 
(expressed in equivalent sea level). We note an
overall good agreement, and a quasi perfect 
quantitative agreement during the 1997/1998 El
Nino, indicating that total land water deficit during 
that El Nino is almost totally compensated by an 
increase of the north tropical Pacific ocean mass. 
The correlation between north tropical Pacific 
Ocean (0°-25°N) mass and land water storage 
(expressed in equivalent sea level) amounts to 0.91
over 1997-1998 (considering slightly different 
latitudinal bands for the ocean mass averaging, e.g., 
0°-30°N, has negligible influence on the shape of 
the curve shown in Fig.5, as well as on the 
correlation).
Fig.5: Contribution of the tropical north Pacific  (0-25°N) 
to the GMSL: mean sea level, MSL (dotted line), steric sea 
level, SSL (solid line) and ocean mass component 
(difference between the former two), OM (solid line with 
crosses). The reversed total land water time series 
(expressed in equivalent sea level) LW (green curve) is 
superimposed. The MSL/SSL, OM/LW time series are 
shifted vertically for clarity.
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4. Discussion
In the previous section, we showed that the 
1997/1998 positive anomaly of the (detrended)
GMSL is largely due to an excess of mass located 
in a zonal band of the north tropical Pacific Ocean 
between ~0° and 25°N latitude. We also showed 
that this north tropical Pacific mass excess 
quantitatively compensates the total land water 
storage deficit observed during that El Nino event. 
The question now is: which process causes the 
1997/1998 El Nino-related north tropical Pacific
mass positive anomaly?
A budget analysis of all terms involved in the mass 
conservation equation would be necessary to solve 
that question. While this is not possible with the 
observation data we have in hand, we do believe 
instructive to present tentative explanations that 
may stimulate ocean modellers and/or new ideas. In
the following, we examine successively different 
terms of the mass budget equation over the north
tropical Pacific Ocean (0°-25°N).
Given our definition of the north tropical Pacific in 
terms of area (i.e., between 0°-25°N latitude, and 
~120°E to the American coasts) its mass changes 
can be due to variations of surface P-E, river runoff 
(R), and water mass transports across the open 
boundaries.  The mass balance equation can then be 
written as :
dOM/dt = P-E+R + Inflow/Outflow        (3)
In equation (3), dOM/dt is the time derivative of the 
north tropical Pacific ocean mass (area defined 
above). The term called ‘Inflow/Outflow’ (denoted 
I/O in the following) represents transport of water 
in and out the considered domain (counted positive 
when entering the domain). The I/O term results
from: (1) flow across the equator via the interior 
pathway and the western boundary current, (2) flow 
across the 25°N parallel, and (3) flow at the western 
boundary (i.e., the Indonesian throughflow  -ITF-,
Gordon, 2005). Note that R in Eq.(3) can be 
neglected as no major river flow into the considered 
region.
In the following two sub sections, we estimate the 
two dominant terms of the right-hand side of the 
water budget equation (equation 3 above), i.e., net 
precipitation (P-E) (sub-section 4.1) and 
Inflow/Outflow (I/O; sub-section 4.2). 
Corresponding analysis is performed over the 0°-
25°N tropical Pacific.
4.1 (P-E) changes over the north tropical Pacific 
Ocean (0°-25°N)
ENSO events produce large scale anomalies of the 
atmospheric circulation in the tropics, with direct 
effects on precipitation (e.g., Dai and Wigley, 
2000, Trenberth et al., 2002, Neelin et al., 2003, 
Smith et al., 2006). Warm ENSO events (El Nino) 
give rise to more rainfall over the oceans and less 
rainfall over land, with opposite variations during 
cold events (La Nina) (Gu et al., 2007). Gu et al. 
(2007) and Gu and Adler (2003, 2011) showed that 
strong positive/negative precipitation anomalies 
affect tropical ocean/land during ENSO warm 
phases, with oceans/land responses being always 
opposite in sign. They also showed that the ENSO-
related total precipitation signal in the tropics
(ocean plus land) is weak. Dai and Wigley (2000) 
and Curtis and Adler (2003) further showed how 
precipitation patterns evolve in the tropical Pacific 
during the ENSO development. For example, El
Nino produces positive precipitation anomalies in 
the central equatorial Pacific that move eastward 
and southward as the event matures. 
We computed P-E time series using the different 
meteorological data sets described in section 2.4.
Fig.6a shows the P-E time series over the 0°-25°N
tropical Pacific from the different data sets between 
1993 and 2009. This graph clearly shows a high 
correlation between the different computations 
(mean standard deviation of 0.44 mm/month over 
the whole period) and particularly during the 
1997/1998 El Nino event. Fig.6b compares the net 
precipitation mean (averaging all individual time 
series) and associated standard deviation (red curve 
and shading) with the dOM/dt time series (blue 
curve). Their difference is shown in Fig. 6c. Fig.6b
indicates a reasonably good correlation between 
mean net precipitation and dOM/dt (correlation of 
0.58) during the whole time span. However, we 
also note that during the 1997/1998 El Nino peak, 
dOM/dt is less negative than P-E. The difference 
curve (Fig.6c) indeed shows a large positive 
residual peaking in early 1998, indicating that there 
is no compensation between dOM/dt and P-E, thus 
that the I/O term appearing in equation 3 may not
be neglected. The result shown in Fig.6c 
corroborates the fact that changes in net 
precipitation cannot to be directly responsible for 
the north tropical Pacific mass anomaly because of  
fast water spreading at the surface by the ocean 
currents (see Huang et al., 2005). 
4.2 Mass transport into and out from the north 
tropical Pacific Ocean (0-25°N)
In the following, we examine the inflow/outflow 
term of the north tropical Pacific water budget.
Fig.7 shows the I/O term (difference between





Fig.6: (a) Direct and indirect (from atmospheric water 
balance) estimates of net P-E over the north Pacific Ocean 
(0°-25°N) from different meteorological data sets. (b) Time 
derivative of the mass component (dotted line) and mean 
P-E (solid line) values averaged over the North Pacific 
Ocean (0°-25°N). (c) Difference time series between the 
time derivative of the North Pacific ocean mass 
component and mean (P-E). Shadings in Fig.6a and 6b 
represent spreading the P-E estimates. Unit: mm/month.
25°N) (same as Fig.6c but over 1996-2000 only to 
enhance the 1997/1998 ENSO period) on which is 
superimposed the negative I/O (i.e., -I/O) term 
computed as the difference between dOM/dt and P-
E over the whole Indian ocean and whole south 
Pacific domain (0°-60°S). Looking at Fig.7, we 
clearly see a high anti-correlation (-0.95) between 
the inflow/outflow terms of these two regions. Fig. 
7 also shows the I/O term over the northern part of 
the north Pacific Ocean (25°N-60°N). The 
corresponding curve is rather flat, with very small
interannual variations compared to the two other 
curves, indicating that water transfers in/out the 
25°N parallel are almost balanced. 
Fig. 7: Time series of the difference (term I/O in Eq. 3)
between the time derivative of the ocean mass component 
and (P-E) for the north tropical Pacific ocean (0°-25°N)
(solid line) and (solid line with crosses) the Indian ocean
plus south Pacific domain. Note that the sign of the red 
curve has been reversed to ease the comparison. The 
dotted line represents the I/O term across the 25°N 
parallel in the north Pacific. Units are in km3/month (i.e., 
data are multiplied by the areas of the considered 
domains).
The reported anti-correlation between the 
inflow/outflow terms of the north tropical Pacific 
(0-25°N) and the combined Indian ocean plus south 
Pacific domain suggests that the water exchanges 
with the Atlantic Ocean at the  eastern and western 
boundaries are also compensated.  
The above two results suggests that the positive 
mass anomaly in the north tropical Pacific is linked 
to flow variations across the equator via the interior 
pathway and the western boundary current, and/or 
variations of the Indonesian throughflow (ITF). Let
us briefly discuss the latter possibility.
The Makassar Strait  located  between Borneo and 
Sulawesi is the main channel for the ITF, carrying 
about 80% of the total ITF, which amounts to 15 Sv
(Sv=106 m3/s) (Gordon et al. 2010). On average, 
the depth-integrated transport at the Makassar Strait 
is on the order of 8-12 Sv (Gordon, 2005; Gordon 
et al. 2008) but interannual variability of the ITF 
associated with ENSO has been reported  (e.g., 
England and Huang, 2005, Vranes and Gordon, 
2005). From in situ measurements, Susanto and 
Gordon (2005) showed that during the calendar 
year 1997, the Makassar transport was 7.9 Sv, 
falling to less than 5 Sv during the peak of the 
1997/1998 El Nino. During the 2004-2006 period,
the Makassar Strait throughflow averaged 11.6 Sv 
as observed by the INSTANT program. During this 
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period the ENSO phase was generally that of El 
Niño (with a brief La Niña phase in early 2006), 
though substantially subdued relative to the 
1997/1998 event. The 2004-2006 Makassar Strait 
transport averaged 11.6 Sv (Gordon et al. 2008, 
Gordon et al., 2010). During the 2007-2010 period,
when the ENSO phase shifted towards La Niña, a 
single current measuring mooring in Makassar 
Strait observed elevated southward velocity, with 
an estimated transport of 13 to 14 Sv (Gordon et al.,
2012).  Surface water from the tropical Pacific is 
lost as the Mindanao Current leaks into the ITF, 
i.e., not all of the Mindanao Current turns eastward 
to feed into the Pacific's North Equatorial Counter 
Current. In this way, the ITF does act to redistribute 
the mass input from rainfall. Gordon et al. (2012) 
showed that the leakage of surface water from the 
Mindanao Current into the ITF is reduced during El 
Niño when the surface layer is drawn more from 
the 19°N Luzon Strait throughflow, to enter 
Makassar Strait from the South China Sea. During 
La Nina, the Luzon Strait throughflow goes to near 
zero allowing greater surface layer inflow from the 
Mindanao. Such water transport changes are related 
to large-scale wind field changes over the Pacific 
and Indian Oceans during ENSO (e.g., Godfrey,
1996).
Reduced ITF of a few Sv, if not compensated by 
flow variations across the equator, is of the right 
order of magnitude to explain the  north tropical 
Pacific mass excess  observed during the 1997/1998 
El Nino peak. In effect, a crude calculation shows 
that 1 Sv reduction over 1 month corresponds to a 
water volume of 2600 km3  remaining in the north 
tropical Pacific, while the observed mass excess in 
this region corresponds to ~1500 km3.
The above results may suggest that the 1997/1998 
El Nino event could be related to an important 
variation of the water mass transfer between the 
north tropical Pacific Ocean (0°-25°N) and Indian 
and South Pacific oceans. In particular, a reduction 
of the ITF possibly combined with an 
intensification of water transfers from the south 
Pacific could have led to an important water mass 
increase in the north tropical Pacific region. Even 
though this study does not allow us to discriminate 
between the relative roles of these contributions, we
cannot exclude that that an important part of the 
water transport variations may have occurred at the 
Makassar Strait. Further quantitative analyses are 
required to confirm this, for example using ocean 
general circulation model outputs.
5. Conclusion
The results presented in this study confirm that 
interannual variability of the GMSL has essentially 
a water mass origin, as the interannual GMSL is 
highly inversely correlated with total land water 
storage change, in particular during ENSO events.
Focusing on the large positive GMSL anomaly 
observed during the 1997/1998 El Nino, we show 
that this anomaly is largely due to a mass excess of 
the north tropical Pacific (located between 0°-25°N
in latitude and ~120°E to the American coasts in 
longitude). We also show that the ocean-
atmosphere water budget computed over the north 
tropical Pacific (0°-25°N) is not closed during the 
1997/1998 El Nino peak if the inflow/outflow 
terms are not accounted for. The north tropical 
Pacific mass excess associated with this El Nino 
event is consistent with the reduced depth-
integrated water transport at the Makassar Strait 
(the Indonesian Throughflow) previously reported 
during the 1997/1998 El Nino, although we cannot 
exclude that flow across the equator via the interior 
pathway and the western boundary current also play 
some role. Further analyses are required however to 
quantitatively confirm or infirm this conclusion. 
A similar investigation should be performed for La 
Nina events, during which important drops of the 
GMSL are observed. This was the case for example 
in 2007/2008 and 2010/2011. It will be interesting 
to determine whether the transport at the Makassar 
Strait is also a good candidate to explain the GMSL 
variability, as well as to assess the potential role of 
meridional mass transports across the equator. In
line with our observation-based results, a precise 
quantification of all processes responsible for the 
GMSL at the ENSO time scale will be conducted 
with the help of ocean general circulation model 
outputs.
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2.2 Durant les dernie`res de´cennies : depuis 1950
2.2.1 Les estimations du niveau de la mer en 2 dimensions depuis
1950 par les mode`les d’oce´an
Les mesures pre´cises du niveau de la mer faites par les satellites altime´triques remontent
au mois d’octobre 1992. Avant cette date, les seules mesures pre´cises dont on dispose provi-
ennent des mare´graphes. L’e´chantillonage spatial des mesures du niveau de la mer avant
1993 est donc extreˆmement peu dense compare´ a` aujourd’hui. De plus pour des raisons
historiques, cet e´chantillonnage est largement biaise´ vers l’he´misphe`re Nord et pre´sente tre`s
peu de mesures dans l’he´misphe`re Sud (voir section 1.2.1). Il est donc impossible d’obtenir
une estimation raisonnable du niveau de la mer en 2 dimensions pour les dernie`res de´cennies
sur la base des seules donne´es mare´graphiques.
Pour contourner ce proble`me, une premie`re approche, consiste a` analyser les sorties des
mode`les de circulation oce´anique (OGCM). Deux types d’OGCM permettent d’estimer la
circulation oce´anique des dernie`res de´cennies : les mode`les force´s par une re´analyse at-
mosphe´rique comme le mode`le DRAKKAR (Bernard et al. [2006]; Dussin et al. [2009];
Penduff et al. [2010]) ou les mode`les qui assimilent des donne´es oce´aniques (re´analyses
oce´aniques), comme SODA (Carton and Giese [2008]), MERCATOR-GLORYS2V1 (Ferry
et al. [2011]) ou ORAS4 (re´analyse oce´anique de l’ECMWF, Balmaseda et al. [2008]). Les
mode`les d’oce´an et les re´analyses de´duisent le niveau de la mer en 2 dimensions de la somme
des composantes thermoste´riques et haloste´riques de chaque colonne d’eau auxquelles s’a-
joute une petite composante barotrope locale (qui se calcule a` partir des variations de la
pression au fond de l’oce´an). Ceci permet de de´terminer une estimation des composantes
thermoste´riques et haloste´riques du niveau de la mer en 2-D dans le passe´, cohe´rente d’une
part avec les e´quations de Navier - Stokes et d’autre part avec le forc¸age atmosphe´rique
impose´ au mode`le pour les OGCM force´s ou avec les donne´es assimile´es (tempe´rature,
salinite´, niveau de la mer, etc...) pour les re´analyses.
Les OGCM diffe´rent principalement entre eux par leur sche´ma d’inte´gration des
e´quations de Navier et Stokes, leur re´solution spatiale et temporelle et leur forc¸age
atmosphe´rique. Les re´analyses peuvent en plus diffe´rer par leur sche´ma d’assimilation
(3DVAR, interpolation optimale ou se´quentiel) et par les jeux de donne´es qu’ils assimi-
lent. DRAKKAR et MERCATOR-GLORYS2V1 utilisent le mode`le d’e´quation de Navier
et Stokes NEMO (Madec [2008]) tandis que SODA est base´ sur POP (Carton and Giese
[2008]) et ORAS sur HOPE (Wolff et al. [1997]). Les re´solutions spatiales sont aussi
diffe´rentes, allant du 1/4˚ pour DRAKKAR et MERCATOR-GLORYS2V1, a` 1˚ pour
ORAS4 en horizontal et de 75 niveaux verticaux pour DRAKKAR et MERCATOR-
GLORYS2V1 a` 29 pour ORAS4. En revanche les diffe´rents mode`les utilisent souvent
un forc¸age atmosphe´rique base´ sur ERA-40 (SODA, ORAS4 et DRAKKAR) corrige´ de
plusieurs biais (en particulier dans les pre´cipitations) car il a l’avantage de couvrir de
manie`re homoge`ne une longue pe´riode : 1958-2002. Sur la periode re´cente (depuis 1979),
la re´analyse atmosphe´rique ERA interim est une alternative utilise´e par MERCATOR-
GLORYS2V1 par exemple. Enfin les re´analyses assimilent des profils de tempe´rature et
de salinite´ issus des bases de donne´es hydrographiques (e.g. Boyer et al. [2009]; Ingleby
and Huddleston [2007]) ainsi que des donne´es de tempe´rature de surface de l’oce´an issues
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des observations spatiales : c’est le cas de SODA, ORAS et MERCATOR-GLORYS2V1.
Certaines re´analyses assimilent aussi les donne´es altime´triques depuis octobre 1992 comme
MERCATOR-GLORYS2V1 et ORAS.
Figure 2.4 – a) Tendances du niveau de la mer observe´ par altime´trie sur la pe´riode 1993-2007.
La tendance globale de 3.2 mm.a-1 a e´te´ retire´e. b) Tendances du niveau de la mer mode´lise´es
par DRAKKAR dans le run ORCA025-B83 sur la pe´riode 1993-2007. La tendance globale de 3.2
mm.a-1 a e´te´ retire´e. c) Diffe´rence entre la Fig. 2.4.b et la Fig. 2.4.a.
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Sur la pe´riode altime´trique, les OGCM force´s et les re´analyses reproduisent les grandes
structures des tendances du niveau de la mer observe´es ainsi que la variabilite´ inter-annuelle
(voir Lombard et al. [2009] et Fig. 2.4a,b pour DRAKKAR, Carton et al. [2005] pour
SODA). Ils confirment sur cette pe´riode, l’origine thermoste´rique de la variabilite´ re´gionale
du niveau de la mer et le roˆle pre´dominant joue´ par le vent dans la redistribution de la
chaleur dans l’oce´an. Re´gionalement, l’accord des OGCM force´s et des re´analyses avec
l’altime´trie est moins bon. Dans les hautes latitudes, et les re´gions ou` la circulation est
particulie`rement complexe (comme autour de l’arc Indone´sien par exemple), les mode`les
ne parviennent pas encore a` repre´senter le niveau de la mer tel qu’il est observe´ depuis
1993 (voir par exemple Fig.2.4 pour DRAKKAR).
Avant 1993, les mode`les et les re´analyses s’accordent encore globalement sur les grandes
structures de la variabilite´ re´gionale du niveau de la mer (comparer par exemple les ten-
dances du niveau de la mer mode´lise´es par DRAKKAR dans le run ORCA025-B83 sur
la pe´riode 1958-2007, Fig. 2.6a, avec les tendances de SODA pour la meˆme pe´riode, Fig.
2.6b). Cependant, ils pre´sentent aussi des diffe´rences importantes en re´gional quand on
les compare entre eux (voir Fig.2.6c) ou avec les observations mare´graphiques (voir par
exemple Fig.2.5 pour la re´analyse ORAS4). Ceci est duˆ au fait que plus on remonte dans
le passe´, plus les donne´es atmosphe´riques ou oce´aniques sont rares et moins pre´cises. Les
forc¸ages impose´s aux OGCM sont donc de moins bonne qualite´ et les reanalyses be´ne´ficient
de moins de donne´es a` assimiler. De plus, l’e´tat de l’oce´an dans les anne´es 1950, utilise´
pour initialiser les simulations, est aussi mal connu.
Figure 2.5 – Correlation entre la re´analyse ORAS4 de ECMWF avec une selection de 99
mare´graphes re´partis sur le globe. La corre´lation est calcule´e sur la pe´riode 1960-2009.
En re´sume´, les OGCM force´s et les re´analyses s’accordent pour montrer que sur les
60 dernie`res anne´es, les structures de la variabilite´ re´gionale du niveau de la mer sont
tre`s diffe´rentes de celles que l’on observe sur la pe´riode altime´trique et qu’elles sont 3 a`
4 fois plus faibles en terme de tendance. Ils montrent aussi que, sur cette pe´riode, c’est
la contribution thermoste´rique, module´e par le vent, qui explique la variabilite´ re´gionale
du niveau de la mer (Ko¨hl and Stammer [2008]) en particulier dans l’oce´an Pacifique
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Figure 2.6 – a) Tendances du niveau de la mer mode´lise´es par DRAKKAR (run ORCA025-B83)
sur la pe´riode 1958-2007. b) Tendances du niveau de la mer mode´lise´ par SODA sur la pe´riode
1958-2007. c) Diffe´rence entre la Fig. 2.6a et la Fig. 2.6b. Les tendances globales ont e´te´ retire´es.
(Timmermann et al. [2010]) et l’oce´an Indien (Han et al. [2010]). En re´gional, sur les 60
dernie`res anne´es, on trouve encore de forte diffe´rences entre les mode`les mais aussi entre
les mode`les et les mesures mare´graphiques.
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2.2.2 Les me´thodes de reconstruction base´es sur les fonctions
empiriques orthogonales
Depuis quelques anne´es, il existe une autre approche pour calculer les variations du
niveau de la mer en 2 dimensions au cours des dernie`res de´cennies. Celle-ci s’appuie
sur les donne´es mare´graphiques et d’autres informations venant de l’altime´trie ou des
OGCMs. Cette approche que l’on nomme ”reconstruction”, combine l’information des en-
registrements mare´graphiques avec les structures spatiales du niveau de la mer de´duites de
l’altime´trie ou des OGCM (e.g. Chambers et al. [2002]; Church et al. [2004]; Berge-Nguyen
et al. [2008]; Llovel et al. [2009]; Church and White [2011]; Hamlington et al. [2011]; Ray and
Douglas [2011]; Meyssignac et al. [2012]). Contrairement a` l’approche base´e sur les sorties
de mode`les d’oce´an ou de re´analyses, les reconstructions ne permettent pas de se´parer les
composantes thermoste´riques et haloste´riques du niveau de la mer. En revanche, comme
elles inte`grent des mesures mare´graphiques, elles apportent en the´orie, plus d’informa-
tion sur la variabilite´ re´gionale. En principe, elles devraient permettre de reconstruire la
variabilite´ re´gionale du niveau de la mer comple`te, i.e avec les contributions ste´riques et
non-ste´riques (duˆes aux variations de masse de l’oce´an) au niveau de la mer. En ce sens,
cette approche est comple´mentaire de la pre´ce´dente.
La me´thode de reconstruction du niveau de la mer en 2 dimensions :
Les reconstructions du niveau de la mer s’appuient sur la me´thode d’interpolation
optimale de´veloppe´e par Kaplan et al. [1998, 2000]. Au cours de ma the`se j’ai de´veloppe´
une telle me´thode. Elle consiste a` utiliser des EOFs repre´sentatives des modes principaux
de la variabilite´ du niveau de la mer, pour interpoler spatialement les enregistrements
mare´graphiques. Ceci permet d’obtenir, en sortie, le niveau de la mer en 2 dimensions
sur toute la pe´riode couverte par les mare´graphes utilise´s. La me´thode se de´compose en 2
e´tapes.
La premie`re e´tape consiste a` calculer les modes spatiaux principaux de variabilite´ du
niveau de la mer. Ces modes principaux sont typiquement par exemple la composante
spatiale des EOF du niveau de la mer (on pourrait aussi prendre la composante spatiale
des CEOF du niveau de la mer comme Hamlington et al. [2011] ou encore n’importe quel
autre jeu de vecteurs spatiaux line´airement inde´pendants et repre´sentatifs des modes de
variabilite´ principaux du niveau de la mer). Ils sont calcule´s a` partir de champs de hauteur
de mer spatialement bien re´solus comme par exemple les donne´es altime´triques ou les sorties
d’OGCM. Supposons que ce champ de hauteur soit de´crit par les valeurs temporelles de
hauteur de mer en m points ge´ographiques (x1, ..., xm), a` n dates distinctes (t1, ..., tn).
Nous l’appelons Z = Z(x1, ..., xm, t1, ..., tn) = Z(x, t) et nous l’e´crivons sous la forme d’une
matrice de IR(m,n) dans laquelle chacune des m lignes est la se´rie temporelle de hauteur








z(xm, t1) ... z(xm, tn)
⎞
⎟⎠
La de´composition en EOF de Z correspond a` sa de´composition en valeurs singulie`res. Elle
se´pare Z en mode propre spatiaux U (matrice de IR(m,m)), valeurs propres associe´es L
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(matrice diagonale de IR(m,n)) et composantes principales V t (matrice de IR(n, n)) de la
manie`re suivante :
Z(x, t) = U(x).L.V t(t)
Dans cette e´criture, U contient la structure spatiale du signal tandis que L.V t est sa
modulation temporelle. Pour eˆtre plus pre´cis, la colonne k de U , i.e. uk(x1, ..., xm), est le
kie`me mode propre spatial de Z dont la modulation temporelle est la ligne k de α = L.V t,
i.e. αk(t1, ..., tn). Ainsi Z s’e´crit en se´parant les variables espace et temps de la manie`re
suivante :




Cette e´criture de Z permet d’isoler les modes spatiaux principaux de variabilite´ du niveau
de la mer dans le terme U .
Lorsqu’on utilise les sorties d’un OGCM comme champ de hauteur de mer spatiale-
ment bien re´solus pour faire ce calcul, on s’attend a` ce que U (structure spatiale du signal)
soit raisonnablement repre´sentatif des modes de variabilite´ de l’oce´an car U de´pend es-
sentiellement de la physique imple´mente´e. En revanche, α (la modulation temporelle des
structures spatiales) est tre`s sensible aux forc¸ages et aux donne´es e´ventuellement assimile´es
par l’OGCM. Or ces donne´es pre´sentent de nombreuses incertitudes en particulier quand on
remonte dans le temps du fait de l’e´chantillonnage qui devient mauvais. Pour cette raison on
trouve encore des diffe´rences significatives entre les OGCM et les donne´es mare´graphiques
sur les dernie`res de´cennies. La me´thode de Kaplan et al. [1998, 2000] permet dans la
deuxie`me e´tape de recalculer un nouveau α(t) = α˜(t) a` partir des donne´es mare´graphiques
et de reconstruire ainsi un niveau de la mer en 2 dimensions sur les dernie`res de´cennies
plus cohe´rent avec les mesures. Il est de la forme :
Z˜(x, t) = U(x).α˜(t). (2.1)
Lorsqu’on utilise l’altime´trie comme champ de hauteur de mer spatialement bien re´solu
pour faire le calcul des modes principaux de variabilite´ du niveau de la mer, le proble`me
est diffe´rent. Dans ce cas U et α sont, bien suˆr, cohe´rents avec les mesures mais α couvre
une periode plus courte (1993-2011) que celle sur laquelle nous cherchons a` estimer la vari-
abilite´ re´gionale (dernie`res de´cennies). La me´thode de Kaplan et al. [1998, 2000] permet
de recalculer a` partir des donne´es mare´graphiques (dans la deuxie`me e´tape) un nouveau
α(t) = α˜(t) qui couvre toute la pe´riode des mare´graphes. En ce sens la me´thode de Ka-
plan et al. [1998, 2000] permet d’”e´tendre” les donne´es altime´triques dans le passe´ sur
les dernie`res de´cennies. Le niveau de la mer 2D ”e´tendu” ou reconstruit sur les dernie`res
de´cennies prend aussi la forme de Z˜ de l’e´quation 2.1.
Comment calcule-t-on α˜ pour de´duire le niveau de la mer reconstruit ? Dans la deuxie`me
e´tape de la me´thode de Kaplan et al. [1998, 2000], le calcul de α˜ se fait avec les donne´es
mare´graphiques. Nous disposons en ge´ne´ral d’un petit nombre de mare´graphes (au plus
quelques centaines) re´partis autour du globe. Appelons E le petit sous ensemble des points
ge´ographiques (x1, ..., xm) pour lesquels nous avons un enregistrement mare´graphique et
Z˜E(t) le champ de hauteur de la mer en ces points aux dates couvertes par les mare´graphes.
De fait, nous cherchons α˜(t) afin de de´terminer le champ reconstruit Z˜(x, t) = U(x).α˜(t)
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et nous connaissons seulement Z˜(x ∈ E, t) = Z˜E(t). Le meilleur α˜(t) que nous pouvons
calculer est donc celui qui donne le Z˜(x, t) le plus proche de Z˜E(t) sur le sous ensemble
E. Au sens des moindres carre´ il s’agit de celui qui minimise la distance entre Z˜E(t) et la
projection de Z˜(x, t) sur E. C’est le α˜ qui minimise la fonction suivante :
S(α˜) = ‖H.U.α˜− ZE‖2 = (H.U.α˜− ZE) t. (H.U.α˜− ZE)
ou` H est la matrice de projection de (x1, ..., xm) sur E. La solution de ce proble`me de
minimisation est bien connue et nous donne l’expression de α˜ :
α˜(t) = (U t.Ht.H.U)-1.U t.Ht.ZE
De cette expression nous de´duisons directement le niveau de la mer 2D reconstruit. Il prend
la forme suivante :
Z˜(x, t) = U.(U t.Ht.H.U)-1.U t.Ht.ZE
Les variantes de la me´thode que l’on trouve dans la litte´rature :
Dans la litte´rature, les champs de hauteur de mer spatialement bien re´solus utilise´s
dans les reconstructions viennent de l’altime´trie ou d’un OGCM. Ces champs sont corrige´s
des corrections usuelles (mare´es, barome`tre inverse, etc). De plus a` chaque se´rie temporelle
est enleve´e sa moyenne sur une pe´riode fixe afin d’obtenir les variations du niveau de la
mer par rapport a` une surface moyenne de la mer (que l’on assimile au ge´o¨ıde). Les se´ries
temporelles corrige´es de cette moyenne sont appele´es anomalies de hauteur de mer (sea level
anomaly -SLA- en anglais). C’est a` partir de ces SLA que les me´thodes de reconstructions
sont applique´es. Il existe quelques nuances entre les diffe´rentes reconstructions que nous
avons re´sume´es sur la Fig. 2.7.
Le sche´ma de reconstruction le plus re´pandu (Chambers et al. [2002]; Berge-Nguyen
et al. [2008]; Llovel et al. [2009]; Hamlington et al. [2011]) est celui qui consiste tout d’abord
a` soustraire aux SLA la tendance moyenne globale du niveau de la mer observe´e et ensuite
a` suivre la me´thode de Kaplan et al. [1998, 2000] de´crite plus haut. Nous appelons cette
me´thode la me´thode A (voir Fig. 2.7). Dans certains cas (e.g. Chambers et al. [2002]), la
me´thode de Kaplan et al. [1998, 2000] est applique´e directement aux SLA sans en soustraire
auparavant la tendance moyenne (ceci est fait en particulier pour les e´tudes qui ne cherchent
pas a` reproduire pre´cisement les cartes de tendance du niveau de la mer ni la tendance
globale). Il s’agit la` d’une nuance de la me´thode A que l’on nomme me´thode A’.
Il existe un autre sche´ma de reconstruction (Church et al. [2004]; Church and White
[2011]; Ray and Douglas [2011]; Meyssignac et al. [2011, 2012]) qui vise en particulier a`
reconstruire pre´cise´ment les variations du niveau de la mer global. L’ide´e de cette variante
est d’introduire dans la reconstruction un mode uniforme (que l’on nomme mode 0) qui
permet la reconstruction des variations temporelles du niveau global et en particulier sa
tendance. Ceci permet d’une part de de´terminer pre´cise´ment la modulation en temps du
niveau global et d’autre part cela isole ce signal uniforme des autres modes reconstruits.
Ainsi on empeˆche que ce signal non-orthogonal aux diffe´rents EOFs et tre`s fort dans le cas
du niveau de la mer (tendance de 3.2 mm.a-1 entre 1993-2011) ne se de´compose sur l’ensem-
ble des modes et ne pollue la reconstruction. Pour appliquer cette me´thode il faut ajouter a`
la matrice des vecteurs propres spatiaux U , un vecteur uniforme (1, ..., 1)t pour restituer le
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Figure 2.7 – Sche´ma re´sumant les diffe´rentes techniques de reconstruction 2D du niveau de la
mer dans la litterature.
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mouvement moyen dans la minimisation par moindre carre´ : α˜(t) = (U tHtHU)-1U tHtZE.
Cependant, pour s’assurer que les autres modes de la matrice U ne sont pas redondants
avec le mode uniforme supple´mentaire, il faut les avoir calcule´s non pas a` partir des champs
SLA directement (i.e. Z(x, t)) mais a` partir des champs SLA auxquels on a soustrait le
niveau moyen global (i.e. Z(x, t)− Z(t)). Le de´tail des calculs est donne´ dans la Fig. 2.7.
Dans la suite, on appelle cette me´thode la me´thode B. Sa variante qui s’applique directe-
ment sur les SLA au lieu de s’appliquer sur les SLA prive´ de leur tendance moyenne est
appele´e me´thode B’.
Historique des reconstructions 2D du niveau de la mer :
Kaplan et al. [1998, 2000] de´veloppe`rent leur me´thode pour reconstruire dans le passe´ les
tempe´ratures de surface de l’oce´an a` partir des donne´s satellites et des nombreuses donne´es
in-situ qui remontent jusqu’au XIXe`me sie`cle. Chambers et al. [2002] furent les premiers a`
proposer une adaptation de cette me´thode au niveau de la mer pour reconstruire les basses
fre´quences du niveau de la mer global jusqu’en 1952. Dans leur e´tude, ces auteurs soulignent
la difficulte´ de reconstruire les tendances du niveau de la mer puisqu’il s’agit d’un signal
intense avec une importante composante uniforme qui se de´compose sur l’ensemble des
modes propres spatiaux des EOF et modifie la reconstruction. Pour cette raison, ils ont
adopte´ la methode A’ (voir Fig. 2.7) et n’ont pas traite´ le proble`me des tendances du
niveau de la mer. 2 ans plus tard, Church et al. [2004] propose`rent la me´thode du mode
0 (me´thode B, voir Fig. 2.7) pour isoler dans la reconstruction le niveau de la mer global
et sa tendance. Ils propose`rent donc une reconstruction 2D du niveau de la mer comple`te
(avec les tendances) selon la me´thode B a` partir d’EOFs calcule´es sur 8 ans d’altime´trie
de 1993 a` 2001.
Avec la publication de cette premie`re reconstruction du niveau de la mer re´gional depuis
1950, s’est pose´ la question de la validite´ du niveau de la mer reconstruit. Pour eˆtre applica-
ble, la me´thode de Kaplan et al. [1998, 2000] fait une hypothe`se forte sur les EOFs utilise´s
dans l’interpolation spatiale des mare´graphes. Elle suppose qu’elles sont repre´sentatives des
modes principaux de variabilite´ du niveau de la mer en 2D sur l’ensemble de la pe´riode cou-
verte par les mare´graphes (voir equation 2.1) qui est typiquement de 60 ans (1950 a` 2010).
Mais sur cette pe´riode nous manquons d’informations pour connaitre ces principaux modes
de variabilite´ 2D. Church et al. [2004] ont utilise´ les EOFs du niveau de la mer calcule´es
avec les donne´es altimetriques sur la courte pe´riode 1993-2001 (8 ans) pour repre´senter ces
modes de variabilite´ en supposant que ces modes sont stationnaires au cours du temps et
qu’ils peuvent eˆtre repre´sentatifs de modes de variabilite´ plus longs (de l’ordre de 60 ans).
C’est une hypothe`se tre`s forte et pas force´ment valide comme le soulignent Berge-Nguyen
et al. [2008] et Llovel et al. [2009]. Pour cette raison, ces derniers auteurs proposent une
nouvelle reconstruction 2D, mais avec des EOFs calcule´s sur une pe´riode plus longue afin
de mieux repre´senter les basses fre´quences dans le signal du niveau de la mer. Berge-Nguyen
et al. [2008] ont utilise´ les donne´es hydrographiques in-situ (i.e. l’expansion thermique) sur
la pe´riode 1950-2003 pour calculer les EOFs en s’appuyant sur l’hypothe`se que le niveau
de la mer re´gional est largement domine´ par sa composante ste´rique. Llovel et al. [2009]
ont utilise´, quant a` eux, les sorties SLA d’un OGCM (OPA/CERFACS) sur la pe´riode
1960-2003. Dans les 2 cas, ces auteurs ont e´te´ force´s d’utiliser la me´thode A (voir Fig.
2.7), car la tendance globale des donne´es ste´riques ou du mode`le OGCM est soit faible soit
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nulle (par construction pour certains OGCM) en comparaison avec la tendance globale du
niveau de la mer sur les dernie`res de´cennies.
L’utilisation d’EOFs plus longs par Berge-Nguyen et al. [2008]; Llovel et al. [2009] a
donne´ des re´sultats significativement diffe´rents de ceux de Church et al. [2004] comme
le montrent Ray and Douglas [2011]. Ceci a souleve´ des interrogations sur la fiabilite´
des reconstructions 2D du niveau de la mer et a remis en question les estimations de
la variabilite´ re´gionale du niveau de la mer dans le passe´ (question n˚ 6 de la section 1.5).
De plus, comme cette question se trouvait remise en cause, cela jetait aussi le doute sur
toutes les questions scientifiques attenantes, comme celles qui concernent la variabilite´
multi-de´cennale des structures spatiales du niveau de la mer (questions n˚ 7, 8, 9) ou les
impacts de la monte´e du niveau de la mer a` l’e´chelle climatique (question n˚ 21, 22, 28, 29).
Pour faire le point sur ce proble`me, nous avons compare´, de manie`re homoge`ne, les
diffe´rentes me´thodes de reconstructions existantes afin d’e´valuer leurs performance en terme
d’estimation de la variabilite´ re´gionale du niveau de la mer dans le passe´. Nous avons aussi
de´veloppe´ l’utilisation de la me´thode B dans le cas des reconstructions base´es sur OGCM
pour les ame´liorer. Enfin nous avons propose´ une nouvelle reconstruction 2D moyenne. C’est
le sujet de l’article : ”An Assessment of Two-Dimensional Past Sea Level Reconstructions
Over 1950-2009 Based on Tide-Gauge Data and Different Input Sea Level Grids”
Re´sume´ de l’article : ”An Assessment of Two-Dimensional Past Sea Level
Reconstructions Over 1950-2009 Based on Tide-Gauge Data and Different In-
put Sea Level Grids” (l’article original est inse´re´ a` la fin de cette section 2.2) :
Dans cette e´tude, nous comparons 3 me´thodes de reconstruction du niveau de la mer sur
la pe´riode 1950-2010. Les 3 me´thodes utilisent le meˆme processus de reconstruction (la
me´thode B, voir Fig. 2.7) et le meˆme jeu de 91 mare´graphes re´partis sur le globe avec 60
ans de donne´es de 1950 a` 2010. Mais chacune utilise des donne´es diffe´rentes de niveau de la
mer pour le calcul des EOFs : la premie`re utilise le mode`les d’oce´an force´ DRAKKAR (run
ORCA025-B83 sur la pe´riode 1958-2007), la seconde utilise la re´analyse SODA (version
2.0.2 qui couvre la pe´riode 1958-2007) et la troisie`me utilise l’altime´trie de 1993 a` 2009.
Avec la reconstruction base´e sur DRAKKAR, nous testons d’abord l’influence du nombre
et de la longueur des EOFs utilise´s sur le niveau de la mer reconstruit. En comparant
avec des mare´graphes non utilise´s dans la reconstruction, nous montrons que les meilleurs
re´sultats sont obtenus quand on utilise environ 15 EOFs (entre 10 et 20) de la longueur
la plus grande possible (i.e. 40 ans au moins pour les mode`les d’oce´an et 17 ans pour l’al-
time´trie). Sur cette base nous comparons les 3 me´thodes. Elles font apparaitre des re´sultats
similaires en ce qui concerne la reconstruction du niveau de la mer global entre 1950 et
2010. De meˆme, la variabilite´ re´gionale reconstruite est similaire pour les 3 me´thodes dans
les tropiques. En revanche nous trouvons des diffe´rences significatives aux moyennes et
hautes latitudes. La variabilite´ re´gionale reconstruite apparait donc tre`s sensible au choix
des donne´es utilise´es pour le calcul des EOFs. Il est donc difficile de se fier a` l’une ou
l’autre reconstruction. Seule la comparaison locale avec des mare´graphes non utilise´s dans
la reconstruction permet, lors d’e´tudes re´gionales, de de´terminer celle qui pre´sente les
meilleures performances. Nous proposons aussi, comme cela se fait ge´ne´ralement avec les
mode`les de climat, une reconstruction moyenne en calculant la moyenne des 3 reconstruc-
tions base´es sur DRAKKAR, SODA et l’altime´trie. Comme pour les mode`les de climat,
cette reconstruction moyenne a l’avantage d’atte´nuer les de´fauts majeurs de chaque recon-
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struction et de repre´senter le signal qui fait consensus entre les 3 reconstructions. Une piste
pour obtenir une meilleure reconstruction serait de faire la moyenne d’un grand nombre
de reconstructions base´es sur diffe´rents mode`les et re´analyses.
En re´sume´, cet article apporte de nouveaux e´le´ments de re´ponse a` la question scien-
tifique n˚ 6 sur l’estimation de la variabilite´ re´gionale du niveau de la mer dans le passe´.
Tout d’abord il montre que les 8 ans d’altime´trie utilise´s par Church et al. [2004] sont trop
courts pour permettre de reconstruire les basses fre´quences du niveau de la mer, il faut
au moins 15 ans de donne´es. Ceci explique, en particulier, les diffe´rences fortes observe´es
entre les reconstructions de Church et al. [2004] et Llovel et al. [2009] qui avaient seme´
le doute sur les reconstructions. De plus, l’article montre que les 17 ans d’altime´trie don-
nent de´ja` des re´sultats comparables a` ceux que l’on obtient avec 40 ans d’EOFs calcule´s
a` partir d’OGCM (avec la me´thode B). Ceci re´concilie en partie les re´sultats obtenus par
les diffe´rentes me´thodes de reconstruction 2D. En ce sens, la question de l’utilisation des
OGCM ou de l’altimetrie dans les reconstructions 2D, n’est pas tranche´e par cette e´tude.
Il apparait que les deux me´thodes pre´sentent des avantages et seule la comparaison locale
avec des mare´graphes permet de de´terminer la meilleure me´thode sur une re´gion donne´e.
Mais les diffe´rences sont faibles et plutoˆt que de chercher a` de´partager les 2 me´thodes,
l’article propose une nouvelle voie pour re´pondre a` la question scientifique n˚ 6. Cette voie
consiste a` moyenner un grand nombre de reconstructions faites avec des EOFS a` partir
d’observations et d’OGCM pour be´ne´ficier des avantages de chaque me´thode. La premie`re
solution propose´e a` la fin de l’article (base´e sur seulement 3 reconstructions) est promet-
teuse.
La technique de reconstruction 2D applique´e a` un autre proble`me :
On a utilise´ jusqu’ici la me´thode de reconstruction pour estimer le niveau de la mer
en 2 dimensions a` partir de donne´es historiques avec une faible densite´ spatiale (les
mare´graphes). Mais cette me´thode peut se ge´ne´raliser a` toute autre variable pour laquelle
on dispose aussi d’un jeu de donne´es historiques e´parses. Kaplan et al. [1998], par exem-
ple, a utilise´ une me´thode similaire pour reconstruire en 2D les tempe´ratures de surface
de l’oce´an a` partir des donne´es historiques XBT, CTD et des EOFs de´duites des mesures
satellites. Smith et al. [1998]; Kaplan et al. [2000] ont reconstruit de la meˆme manie`re
les champs de pression a` la surface de la mer sur le Pacifique tropical et en global. Dans
un article re´cent intitule´ ”Past terrestrial water storage (1980-2008) in the Amazon Basin
reconstructed from GRACE and in situ river gauging data”, nous proposons d’appliquer
aussi cette me´thode pour reconstruire en 2 dimensions les variations du stock d’eau du
bassin Amazonien entre 1980 et 2008.
Re´sume´ de l’article : ”Past terrestrial water storage (1980-2008) in the Ama-
zon Basin reconstructed from GRACE and in situ river gauging data”.(l’article
original est inse´re´ a` la fin de cette section 2.2) :
Le bassin Amazonien joue un roˆle important dans le cycle global de l’eau et dans les vari-
ations du niveau de la mer. En effet, Llovel et al. [2010b] ont montre´ que les variations
inter-annuelles du niveau de la mer global s’expliquaient par la somme des variations des
stocks d’eau des 32 plus grands bassins fluviaux du monde (voir section 1.3.2b). Parmi
eux, l’Amazone joue un roˆle pre´ponde´rant. A lui seul, il explique une large part de l’inter-
annualite´ dans le niveau de la mer global entre 1993 et 2005. Dans cet article nous proposons
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une reconstruction en 2 dimensions du stock d’eau du bassin Amazonien entre 1980 et 2008.
Pour cela nous utilisons, d’une part, 30 ans de donne´es in-situ de 58 stations re´parties sur le
bassin Amazonien qui mesurent le niveau local des fleuves. Xavier et al. [2010] ont montre´
que, a` un facteur multiplicatif pre´s, ces enregistrements sont cohe´rents avec les mesures de
GRACE du stock d’eau local inte´gre´ sur la verticale (humidite´ des sols + eau de surface
+ eau souterraine). Ainsi apre`s redimensionnement, les stations in-situ fournissent 30 ans
d’enregistrements du stock d’eau local en 58 endroits de l’Amazone. D’autre part nous
utilisons les donne´es GRACE qui fournissent une mesure 2D du stock d’eau du bassin
Amazonien depuis 2002. Pour reconstruire le contenu total en eau du bassin Amazonien en
2D, nous interpolons les mesures in-situ avec les EOFs de GRACE calcule´es entre 2003 et
2008 (selon la me´thode de Kaplan et al. [1998, 2000]). Ceci donne le stock d’eau du bassin
amazonien reconstruit sur 30 ans avec une re´solution de 300 km x 300 km en mensuel.
La reconstruction ne fait pas apparaitre de tendances a` long-terme dans le stock d’eau
Amazonien total et elle confirme l’influence dominante des modes ENSO et PDO sur sa
variabilite´ inter-annuelle a` multi-de´cennale. Cette reconstruction, base´e uniquement sur des
donne´es, est comple´mentaire des approches classiques d’estimation des stocks d’eau qui se
font par bilan hydrologique a` l’e´chelle des bassins. Elle offre de nouvelles perspectives pour
la reconstruction en 2D des stocks d’eau des grands bassins fluviaux du monde.
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Abstract We compare different past sea level reconstructions over the 1950–2009 time
span using the Empirical Orthogonal Function (EOF) approach. The reconstructions are
based on 91 long (up to 60 years) but sparsely distributed tide-gauge records and gridded
sea level data from two numerical ocean models over 1958–2007 (the DRAKKAR/NEMO
model without data assimilation and the simple ocean data assimilation ocean reanalysis-
SODA-) and satellite altimetry data over 1993–2009. We find that the reconstructed global
mean sea level computed over the *60-year-long time span little depends on the input
spatial grids. This is unlike the regional variability maps that appear very sensitive to the
considered input spatial grids. Using the DRAKKAR/NEMO model, we test the influence
of the period covered by the input spatial grids and the number of EOFs modes used to
reconstruct sea level. Comparing with tide-gauge records not used in the reconstruction, we
determine optimal values for these two parameters. As suggested by previous studies, the
longer the time span covered by the spatial grids, the better the fit with unused tide gauges.
Comparison of the reconstructed regional trends over 1950–2009 based on the two ocean
models and satellite altimetry grids shows good agreement in the tropics and substantial
differences in the mid and high latitude regions, and in western boundary current areas as
well. The reconstructed spatial variability seems very sensitive to the input spatial infor-
mation. No clear best case emerges. Thus, using the longest available model-based spatial
functions will not necessarily give the most realistic results as it will be much dependent on
the quality of the model (and its associated forcing). Altimetry-based reconstructions
B. Meyssignac (&)  M. Becker  W. Llovel  A. Cazenave




ESPACE-DEV UMR 228 IRD/UM2/UR/UAG, Universite´ Antilles-Guyane, Cayenne, France
Present Address:
W. Llovel




(with 17-year long input grids) give results somewhat similar to cases with longer model
grids. It is likely that better representation of the sea level regional variability by satellite
altimetry compensates the shorter input grids length. While waiting for much longer
altimetry records, improved past sea level reconstructions may be obtained by averaging an
ensemble of different model-based reconstructions, as classically done in climate model-
ling. Here, we present such a ‘mean’ reconstruction (with associated uncertainty) based on
averaging the three individual reconstructions discussed above.
Keywords Reconstructed sea level  Tide gauges  Satellite altimetry  Ocean general
circulation models  Spatial variability
1 Introduction
Sea level rise is a critical issue of global climate change because of its potential huge
impacts on coastal areas (Nicholls 2010). Tide-gauge measurements indicate that, during
the twentieth century, the mean rate of sea level rise has been on the order of 1.6–1.8 mm/
year (Church and White 2006, 2011; Jevrejeva et al. 2006, 2008; Holgate 2007; Wop-
pelmann et al. 2009; Wenzel and Schroeter 2010; Ray and Douglas 2011). Since the
beginning of the 1990s, sea level is measured by high-precision satellite altimetry with
global coverage. The satellite observations have shown that sea level does not rise uni-
formly but displays characteristic spatial trend patterns (see Fig. 1 showing the altimetry-
based spatial trend patterns over 1993–2009, with a uniform global mean trend of 3.2 mm/
year removed). For example, since early 1993 (the beginning of the high-precision
altimetry era), the rate of sea level rise in the western tropical Pacific, southern Ocean and
part of the north Atlantic has been 3–4 times faster than the global mean rise of
Fig. 1 Spatial trend patterns in sea level from satellite altimetry (1993–2009). A uniform trend of 3.2 mm/




3.2 ± 0.5 mm/year (Ablain et al. 2009; Nerem et al. 2010). In other regions (e.g., the
eastern Pacific), the rate has been slower. These large deviations from the global mean
show the importance of estimating and understanding the regional variability of sea level
change. This is indeed essential when assessing the potential impacts of sea level rise in
coastal areas.
While a number of recent studies focussed on the global mean rise and its causes for the
past few decades or altimetry era (e.g., Cazenave and Llovel 2010; Moore et al. 2011;
Church et al. 2011), less attention has been given to the regional variability. It is known
from previous studies based either on in situ hydrographic data or ocean general circulation
models (OGCMs) that the regional variability in sea level is mainly of steric origin (i.e. due
to thermal expansion and salinity changes) (Levitus et al. 2005; Lombard et al. 2005;
Wunsch et al. 2007; Kohl and Stammer 2008). Other phenomena such as circulation
changes due to polar ice melt (Stammer 2008; Stammer et al. 2011) or gravitational effects
and visco-elastic response of the solid Earth to last deglaciation and ongoing land ice melt
also cause regional variability (e.g., Peltier 2004; Milne et al. 2009; Mitrovica et al. 2009)
but corresponding signals are currently smaller than the steric one and have not yet been
clearly detected.
It has been shown as well (e.g., Lombard et al. 2005; Levitus et al. 2005; Meyssignac
et al. 2011a) that trend patterns in thermal expansion fluctuate with time and space in
response to the main modes of variability of the climate system (El Nino-southern
Oscillation/ENSO, Pacific Decadal Oscillation/PDO, North Atlantic Oscillation/NAO,
Indian Ocean Dipole/IOD, etc.). Thus the high correlation between observed and steric
regional variability in sea level over the altimetry era suggests that the altimetry-based
spatial trend patterns are not long-lived features, but rather reflect natural modes of ocean
variability. Prior to the altimetry era, there is no direct way for measuring globally the
regional variability in sea level. However, different approaches can inform about the
spatial sea level trend patterns over the last 5–6 decades: (1) Ocean General Circulation
Models (OGCMs) and ocean reanalyses (i.e. OGCMs with data assimilation) (e.g., Carton
and Giese 2008; Kohl and Stammer 2008) and (2) two-dimensional (2-D) past sea level
reconstructions (e.g., Chambers et al. 2002a, b; Church et al. 2004; Berge-Nguyen et al.
2008; Llovel et al. 2009 Church and White 2011; Ray and Douglas 2011; Hamlington et al.
2011). Analysis of corresponding sea level gridded time series can inform on the spatio-
temporal variability of past sea level and on the characteristic lifetime of the trend patterns.
OGCMs and ocean reanalyses deduce sea level from the sum of the thermosteric (effect of
temperature) and halosteric (effect of salinity) components, to which is added a small
barotropic component. This allows to follow the temporal behaviour of both temperature
and salinity contributions. This is unlike the sea level reconstructions that do not separate
these contributions. However, being partly based on tide-gauge observations, the recon-
structions may in principle carry more information on the regional variability factors than
OGCMs and thus can be viewed as complementary to the latter.
The present study is dedicated to past sea level reconstructions. Its objective is to
investigate the influence of the chosen spatial modes used to constrain the reconstruction
and the period covered by the corresponding gridded sea level time series. For that pur-
pose, we use three different sea level gridded products (hereafter called input grids) derived
from (1) a purely physical ocean circulation model without data assimilation (DRAKKAR/
NEMO ocean model, DRAKKAR Group 2007), (2) an ocean reanalysis (SODA, Carton
and Giese 2008) and (3) satellite altimetry data. We show that the nature and period of the
input spatial grids have strong impact on the reconstructed spatial patterns. Comparison
with tide-gauge data not used in the reconstructions leads us to conclude that depending on
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the region, some cases perform better than others. But no single case appears to be able to
perform better at the planetary scale.
Section 2 describes the reconstruction methodology as used in previous reconstruction
studies. Section 3 describes the data and input grids used in this study. Results and dis-
cussion are presented in Sects. 4 and 5.
2 Reconstruction Methodology
Several previous studies have developed past (last 50–60 years or last century) sea level
reconstructions either globally (e.g., Chambers et al. 2002a, b; Church et al. 2004; Berge-
Nguyen et al. 2008; Llovel et al. 2009; Church and White 2011; Hamlington et al. 2011;
Ray and Douglas 2011) or regionally (e.g., Calafat and Gomis 2009; Meyssignac et al.
2011b). The method used in most previous studies (as well as in the present one) is based
on the reduced optimal interpolation described by Kaplan et al. (1998, 2000). It consists of
2 steps. In the first step, an Empirical Orthogonal Function (EOF) decomposition (Prei-
sendorfer 1988; Toumazou and Cretaux 2001) of a 2-D sea level field (generally from
satellite altimetry but also from OGCMs or ocean reanalyses) is done. This decomposition
allows to separate the spatially well-resolved sea level signal (here represented by a matrix
H, with m lines for each spatial point and n columns for each date) into spatial modes
(EOFs) and their related temporal amplitude as follows:
Hðx; y; tÞ ¼ Uðx; yÞaðtÞ ð1Þ
In Eq. 1, U(x, y) stands for the spatial modes and a(t) for their temporal amplitudes.
Assuming that the spatial modes U(x, y) are stationary with time, the reconstructed sea
level field HR(x, y, t) covering a period (here 1950–2009) longer than the H(x, y, t) fields
has an EOF decomposition as follows:
HRðx; y; tÞ ¼ Uðx; yÞaRðtÞ ð2Þ
where aR(t) represents the new temporal amplitudes of the EOFs over 1950–2009.
The second step consists of computing these new amplitudes over the whole period
1950–2009 using in situ (tide gauge-based) sea level records. This is done at each time
step, through a least-squares procedure which gives the optimal linear combination of the
EOFs that fits the tide-gauge records at the tide-gauge locations.
In the first step, the EOF modes and amplitudes of the 2-D sea level grids are computed
through a singular value decomposition approach, such that:
H ¼ USVT ð3Þ
where U(x, y) is defined as above, S is a diagonal matrix containing the singular values of
H, and V represents the temporal eigenmodes. At this stage, the amplitude of the EOF
modes can be simply written as a(t) = SVT. Conceptually, each EOF k (kth column of U(x,
y) multiplied by the kth line of a(t):Uk(x, y).ak(t)) is a spatio-temporal pattern of sea level
variability that accounts for a percentage of the total variance of the sea level signal.
The low-order EOFs (eigenvectors of the largest singular values) explain most of the
variance and contain the largest spatial scales of the signal. The higher-order EOFs contain
smaller spatial scale patterns and are increasingly affected by noise. Besides, their
amplitude is less well resolved by the least-squares procedure, because the sparse tide-
gauges coverage does not allow resolving small-scale patterns. Consequently, to be
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efficient, the sea level reconstruction uses only a subset of the M lowest-order EOFs (the
optimal number of EOFs has been estimated by comparison of the reconstructed sea level
with observations; see below).
The data matrix H can be written as follows:
HM ¼ UM x; yð ÞaðtÞ ð4Þ
where aðtÞ ¼ SMVTM is the matrix of the amplitude of the M lowest EOFs. Following
Kaplan et al. (2000), in the second step, the amplitude at each time step over the time span
of in situ records is obtained by minimizing the cost function:
SðaÞ ¼ PUMa H0
 T
R1 PUMa H0
 þ aTK1a ð5Þ
In Eq. 5, H0 is the in situ (tide gauge-based) observed sea level, P is a projection matrix
equal to 1 when and where in situ data are available and 0 otherwise. K is a diagonal matrix
of the largest eigen-values of the covariance matrix. The term aTK-1a represents a con-
straint on the EOF spectrum of the solution. It prevents the least-squares procedure to be
contaminated by remaining high-frequency noise (it filters out non-significant solutions
that display too much variance at grid points without nearby observations). R is the error
covariance matrix. It is given by R ¼ PUNMKNMUTNMPT þ D. The first term of R
contains the covariance of the truncated modes (the index ‘N–M’ indicates the omitted
eigenvectors and eigenvalues). It accounts for errors due to the truncation of the set of
EOFs to the first M EOFs. D accounts for the instrumental error. We have assumed here a
spatially uncorrelated instrumental error so D is the identity matrix multiplied by the
instrumental error variance. Amplitudes of the variance used for each reconstruction are
indicated below.
When Eq. 5 is solved, it provides the reconstructed amplitude aR of the EOFs. The least-
squares inversion gives an analytical expression of aR as follows:
aRðtÞ ¼ QUTMPTR1H0ðtÞ ð6Þ
with Q ¼ UTMPTR1PUM þ K1
 1
When solving Eq. 6, two problems further arise. First, because tide-gauge data are
expressed relative to their own local datum that is not cross-referenced over the globe, the
solution may not necessarily be consistent with the 2-D sea level grid reference surface
(from OGCM or altimetry data). To cope with this problem, Church et al. (2004) solved
Eq. 6 for changes in aR between adjacent time steps. It is also the procedure applied in the
present study. Instead of computing aR, we compute DaR(tn) = aR(tn) - aR(tn-1) thanks to
the equation DaR ¼ QUTMPTR1DH0. This provides for each time step, the changes in
amplitude of aR which are independent from the tide-gauge local references. Then aR itself
is recovered by summing backward in time DaR and equalizing the mean amplitude of aR
to the mean amplitude of a (amplitude of the EOF of the OGCM or altimetry data) over the
common period. With this procedure, the consistency between the reference surfaces of
tide gauges and 2-D sea level grids (from OGCM or altimetry) is ensured.
Another issue in global sea level reconstructions is the large spatially averaged sea level
signal (of about 1.7–1.8 mm/year since about 1950; e.g., Church and White 2006, 2011;
Woppelmann et al. 2009). This signal, which is contained in the tide-gauge data, is hard to
capture and recover from a truncated set of orthogonal EOFs deduced from 2-D gridded
sea level (see Christiansen et al. 2010). Hence, following Church et al. (2004) and the
results of Christiansen et al. (2010), a spatially uniform EOF (also called EOF0, as in
Surv Geophys
123
Church et al. 2004) is added to the set of EOFs in order to represent the time-varying
spatially averaged signal of the global ocean in the past. An advantage of this procedure is
to avoid pouring the strong past global-averaged sea level signal in different EOFs and
perturbing the reconstruction process (e.g., Kaplan et al. 2000).
The final reconstructed gridded sea level is obtained by multiplying the set of M EOFs
plus the EOF0 with their reconstructed amplitude:
HR ¼ UM x; yð Þ:aRðtÞ ð7Þ
Other authors have performed past sea level reconstructions using different basis functions.
For example, Hamlington et al. (2011) use cyclostationary EOFs as basis functions. Unlike
classical EOFs, cyclostationary EOFs are periodic and can capture cyclostationary signals
such as the annual signal into a single mode. This enables reconstructing the annual signal
along with the interannual signal through a unique process.
3 Data Sets Used in this Study
In this study, we used a set of 91 tide-gauge records selected from the Permanent Service
for Mean Sea Level (PSMSL) database (http://www.psmsl.org/about_us/news/2010/
new_website.php, Woodworth and Player 2003). These records were optimally interpo-
lated (as explained above) with EOFs computed from three different input grids: (1) the
ORCA025-B83 run of the DRAKKAR/NEMO model (Barnier et al. 2006; Dussin et al.
2009), (2) the SODA ocean reanalysis (Carton and Giese 2008) and (3) the 17-year long
satellite altimetry data set. These data sets are described here after in this section.
3.1 Tide-Gauge Records
We use monthly mean sea level data from the Revised Local Reference (RLR) tide-gauge
records of the PSMSL (downloaded in May 2011). A very careful selection of sites has
been realized. From the whole set of data available, we consider records at least 35-year
long over 1950–2009. Compared with the 99 records considered in Llovel et al. (2009),
here we use only 91 records, deleting a number of tide-gauge records with suspect
behaviour. In effect, for a number of reasons, gaps and discontinuities may affect the tide-
gauge time series (e.g., changes in instrumentation, earthquakes or any other natural or
anthropogenic factors). When small gaps (\3 consecutive years) are observed in the tide-
gauge record, we reintroduced missing data by linearly interpolating the time series.
Outliers were detected using the Rosner’s test (Rosner 1975) and removed. Annual and
semi-annual cycles were removed (before gap-filling) through a least-squares fit of
12-month and 6-month period sinusoids. At a few sites, recent data (i.e. up to 2009) are
lacking in the PSMSL data base. Thus, we completed these tide-gauge time series using
altimetry data (22 sites are concerned). To do so, the following constraints have been
considered: (1) availability of altimetry measurement at less than 1 degree from the tide-
gauge position; and (2) overlapping period of at least 5 years between tide-gauge records
and altimetry data (this overlap length was deduced from the Bonnet’s formula, Bonett and
Wright (2000), in order to insure a correlation[0.9 between the two data sets). The closest
altimetry record to the tide-gauge position has been used to complete the tide-gauge sea
level time series. We corrected the tide-gauge time series for the inverted barometer
response of sea level to atmospheric loading using surface pressure fields from the National
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Centres for Environmental Prediction (NCEP; Kalnay et al. 1996, http://www.ncep.
noaa.gov/). Tide-gauge data were also corrected for the Glacial Isostatic Adjustment (GIA)
effect using the ICE5G-VM2 model from Peltier (2004). As we focus here on interannual
to multidecadal time scales, we averaged monthly tide-gauge time series to obtain annual
averages. Figure 1 shows the distribution of the tide-gauge sites used in this study
(superimposed to the altimetry sea level trend map over 1993–2009). Name, location and
data length of the 91 tide gauges are summarized in Table 1. Tide-gauge records com-
pleted by altimetry data are those that end before 2009.
3.2 Input Sea Level Grids
To compute the EOFs needed to reconstruct past sea level, three input sea level grids were
considered: from the DRAKKAR/NEMO OGCM (without data assimilation) over
1958–2007, from the SODA ocean reanalysis over 1958–2007 and the altimetry-based
gridded sea level over 1993–2009. These data sets are briefly presented below.
3.2.1 The DRAKKAR/NEMO Ocean General Circulation Model
The DRAKKAR NEMO model is based on the free surface ocean circulation model
NEMO version 2.3 (Madec 2008). We used the outputs of the ORCA025-B83 model
configuration (Barnier et al. 2006; Dussin et al. 2009; Penduff et al. 2010). This is a global
eddy-admitting ocean/sea-ice simulation that does not assimilate any observational data
(e.g., satellite altimetry or in situ hydrographic data). It is very close to the simulation
ORCA025-G70 analysed and proved to be consistent with altimetry by Lombard et al.
(2009). It has the same horizontal and vertical resolution (46 levels with steps from 6 m at
the surface to 250 m at the bottom). The main difference with ORCA025-G70 is the
forcing function. ORCA025-B83 is forced by the more realistic hybrid ’DRAKKAR
forcing set 4.1’ surface forcing described in details by Brodeau et al. (2010). This forcing is
based on the CORE data set assembled by W. Large (Large and Yeager 2004), the EC-
MWF (European Centre for Medium-Range Weather Forecast) ERA 40 reanalysis (Uppala
et al. 2005) and the ECMWF operational analyses for the recent years. The simulation was
started on the 1st January 1958, with initial conditions for salinity and temperature derived
from the Levitus et al. (2005) data set for middle and low latitudes, from the Polar Science
Center Hydrographic climatology for the high latitudes (Steele et al. 2001) and from the
MEDATLAS climatology (Jourdan et al. 1998) for the Mediterranean sea. Initial condi-
tions for sea-ice were taken from the month of January of the 10th year of ORCA025-G45b
(a previous run with a climatological CORE forcing).
In the ORCA025-B83 simulation, the time-varying globally averaged sea level is not
properly reproduced because it has been simulated on the basis of the Boussinesq
approximation which enforces the total ocean volume (rather than mass) to remain con-
stant. In particular, as shown by Greatbatch (1994), no spatially uniform steric sea level
changes can be reproduced by such a model (even though the free surface evolution allows
simulating correctly the net freshwater surface fluxes at both regional and global scale). For
this reason, prior to the computation of the EOFs, we removed the time-varying globally
averaged sea level from each sea surface height time series of the simulation. By doing
this, we get a consistent set of EOFs, which are representative of the regional variability in
sea level. Indeed, as shown by Greatbatch (1994) (apart from the unrealistic global uniform
sea level changes), regional variations are properly reproduced by such a free surface
model. Concerning the reconstruction process, the fact that the set of EOFs does not
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Table 1 Name, location (degrees of latitude North, and longitude East, being positive), length and per-
centage of gaps of the tide-gauge series selected from the PSMSL for the reconstructions





Altimetry data used for
supplemented the time
series or filling the gap
Longitude Latitude Start End
1 North Shields -1.43 55.00 1950 2009 15% (43) –
2 St. Petersburg -82.62 27.77 1950 2009 0% (0) –
3 St. Georges/Esso
Pier
-64.70 32.37 1950 2009 9% (41) –
4 Alesund 6.15 62.47 1951 2009 2% (2) –
5 Maloy 5.12 61.93 1950 2009 7% (26) –
6 Bergen 5.30 60.40 1950 2009 3% (6) –
7 Stavanger 5.73 58.97 1950 2009 3% (16) –
8 Tregde 7.57 58.00 1950 2009 2% (6) –
9 Warnemunde 2 12.08 54.18 1950 2009 0% (2) –
10 Lowestoft 1.75 52.47 1955 2009 6% (12) –
11 Portsmouth -1.12 50.80 1961 2009 4% (6) –
12 Devonport -4.18 50.37 1961 2009 4% (4) –
13 Newlyn -5.55 50.10 1950 2009 1% (4) –
14 Brest -4.50 48.38 1952 2009 0% (1) –
15 Santander I -3.80 43.47 1950 2009 3% (3) –
16 La Coruna I -8.40 43.37 1950 2009 3% (2) –
17 Vigo -8.73 42.23 1950 2009 1% (4) –
18 Port Nolloth 16.87 -29.25 1959 2009 23% (72) –
19 Simons Bay 18.43 -34.18 1957 2009 17% (49) –
20 Ko Lak 99.82 11.80 1950 2009 4% (12) –
21 Zhapo 111.83 21.58 1959 2009 1% (1) –
22 Kanmen 121.28 28.08 1959 2009 1% (2) –
23 Petropavlovsk-
Kamchatsky
158.65 52.98 1957 2009 0% (1) –
24 Aburatsubo 139.62 35.15 1950 2009 1% (1) –
25 Kushimoto 135.78 33.47 1957 2009 1% (2) –
26 Komatsushima 134.58 34.00 1958 2009 1% (3) –
27 Misumi 130.45 32.62 1957 2009 3% (5) –
28 Naha 127.67 26.22 1966 2009 0% (1) –
29 Wajima 136.90 37.40 1950 2009 4% (12) –
30 Asamushi 140.87 40.90 1954 2009 1% (5) –
31 Townsville I 146.83 -19.25 1959 2009 0% (1) –
32 Bundaberg,
Burnett Heads
152.38 -24.77 1966 2009 2% (4) –
33 Fremantle 115.75 -32.07 1950 2009 2% (3) –
34 Carnarvon 113.65 -24.90 1965 2009 13% (38) –
35 Port Hedland 118.57 -20.32 1966 2009 6% (10) –
36 Guam 144.65 13.43 1950 2009 6% (14) –
37 Kwajalein 167.73 8.73 1950 2009 2% (2) –









Altimetry data used for
supplemented the time
series or filling the gap
Longitude Latitude Start End
39 Pago Pago -170.68 -14.28 1950 2009 7% (24) –
40 Midway Island -177.37 28.22 1950 2009 6% (14) –
41 Nawiliwili Bay,
Kauai Island
-159.35 21.97 1955 2009 1% (3) –
42 Honolulu -157.87 21.32 1950 2009 0% (0) –
43 Hilo, Hawaii
Island
-155.07 19.73 1950 2009 0% (0) –
44 Papeete-B,
Soc.IS.
-149.57 -17.53 1975 2009 2% (7) –
45 Prince Rupert -130.33 54.32 1950 2009 1% (2) –
46 Bella Bella -128.13 52.17 1961 2009 3% (2) –
47 Victoria -123.37 48.42 1950 2009 1% (1) –
48 Crescent City -124.20 41.75 1950 2009 2% (9) –
49 San Francisco -122.47 37.80 1950 2009 0% (0) –
50 Los Angeles -118.27 33.72 1950 2009 2% (6) –
51 San Diego -117.17 32.72 1950 2009 2% (9) –
52 Veracruz -96.12 19.18 1953 2009 7% (27) –
53 Magueyes Island -67.05 17.97 1955 2009 4% (12) –
54 Pensacola -87.22 30.40 1950 2009 2% (5) –
55 Cedar Key II -83.03 29.13 1950 2009 6% (20) –
56 Key West -81.80 24.55 1950 2009 1% (8) –
57 Charleston I -79.93 32.78 1950 2009 0% (0) –
58 Wilmington -77.95 34.23 1950 2009 2% (6) –
59 Hampton Roads -76.33 36.95 1950 2009 0% (0) –
60 Baltimore -76.58 39.27 1950 2009 2% (12) –
61 New York -74.02 40.70 1950 2009 1% (4) –
62 Newport -71.33 41.50 1950 2009 2% (10) –
63 Boston -71.05 42.35 1950 2009 1% (5) –
64 Halifax -63.58 44.67 1950 2009 3% (4) –
65 Charlottetown -63.12 46.23 1950 2009 6% (4) –
66 St. Johns, Nfld. -52.72 47.57 1957 2009 8% (36) –
67 Sydney, Fort
Denison 2
151.23 -33.85 1950 2009 0% (2) –
68 Saint John, N.B. -66.07 45.27 1950 1999 6% (5) Yes
69 Puerto Madryn -65.03 -42.77 1957 2000 10% (39) Yes
70 Mumbai/
Bombay
72.83 18.92 1950 1994 2% (4) Yes
71 Balboa -79.57 8.97 1950 2003 1% (3) Yes
72 Auckland II 174.77 -36.85 1950 2000 3% (6) Yes
73 Mayport -81.43 30.40 1950 2000 0% (2) Yes
74 Lyttelton II 171.27 -44.40 1950 2000 10% (47) Yes
75 Dublin -6.22 53.35 1950 2001 1% (3) Yes
Surv Geophys
123
contain any globally uniform sea level component is not an issue because an extra EOF
(the globally uniform EOF called EOF0, see Sect. 2) is added to the set of EOFs to capture
from the tide-gauge records the missing time-varying uniform sea level (see Sect. 2 for
more details). The spatial sea level trend patterns over 1958–2007 from the DRAKKAR/
NEMO/ ORCA025-B83 model are presented in Fig. 2a.
3.2.2 The SODA Ocean Reanalysis
In this study, we also used the ocean reanalysis SODA 2.0.2 that span over the period 1958
to 2007. This reanalysis is based on an optimal interpolation described by Carton and Giese
(2008). The ocean general circulation model, POP2.0.1 (see Carton and Giese 2008, for
details), has a horizontal resolution of 0.4 in longitude and 0.25 in latitude, and 40
vertical levels with a resolution of about 10 m in the upper 100 m. For this study, we used
the monthly mean oceanic variables interpolated on a horizontal grid of 0.59 0.5. In
SODA 2.0.2, POP2.0.1 is forced by ERA-40 daily wind stresses and heat fluxes. It
assimilates hydrographic data from the WOD05 hydrographic data base (Levitus et al.
2005), but it does not assimilate satellite altimetry data. Sea level outputs are computed
diagnostically using a linearized continuity equation valid for small ratios of sea level to
fluid depth (Carton and Giese 2008).
The spatial sea level trend patterns over 1958–2007 from the SODA reanalysis are
presented in Fig. 2b.
Table 1 continued





Altimetry data used for
supplemented the time
series or filling the gap
Longitude Latitude Start End
76 Hondau 106.80 20.67 1957 2001 0% (1) Yes
77 Johnston Island -169.52 16.75 1950 2003 5% (15) Yes
78 Rikitea -134.95 -23.13 1969 2003 6% (7) Yes
79 Fredericia 9.77 55.57 1950 2006 2% (3) Yes
80 Esbjerg 8.43 55.47 1950 2006 3% (12) Yes
81 Cananeia -47.93 -25.02 1954 2006 3% (17) Yes




76.27 9.97 1950 2007 8% (12) Yes
84 Chennai/Madras 80.30 13.10 1952 2007 10% (24) Yes
85 Vishakhapatnam 83.28 17.68 1950 2007 16% (39) Yes
86 Mokpo 126.40 34.78 1960 2009 1% (1) –
87 Pohang 129.40 36.02 1972 2009 0% (1) Yes
88 Keelung II 121.73 25.13 1956 1995 1% (7) Yes
89 Antofagasta 2 -70.40 -23.65 1950 2006 7% (8) Yes
90 Palermo -58.36 -34.60 1950 2009 0% (0) –
91 Kanton -171.72 -2.80 1950 2006 15% (45) Yes
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3.2.3 The Altimetry Data Set
For the altimetry data, we used the DT-MSLA ‘‘Ref’’ series provided by Collecte Local-
isation Satellite (CLS; http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-
products/global/msla/index.html). This data set was used over the time span from January
1993 to December 2009. It is available as 1/4 9 1/4 Mercator projection grids at weekly
Fig. 2 Spatial trend patterns in sea level over 1958–2007 from a the DRAKKAR/NEMO ocean model and
b the SODA reanalysis
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intervals. The DT-MSLA ‘‘Ref’’ series are based on the combination of several altimetry
missions, namely: Topex/Poseidon (T/P), Jason-1 and 2, Envisat, and ERS-1 and ERS-2. It
is a global homogenous inter-calibrated data set based on global crossover adjustment
using T/P and then Jason-1 as reference missions. Moreover, the use of a recently updated
orbit solution for Jason-1 and T/P (GSFC—Goddard Space Flight Center-orbit computed
with the ITRF2005 terrestrial reference frame; Altamimi et al. 2007) allows to remove
previous heterogeneity between global hemispheric mean sea level trends (Ablain et al.
2009). Usual geophysical corrections are applied: solid Earth and ocean tides, wet and dry
troposphere, ionosphere (see Ablain et al. 2009 for more details) and inverted barometer
(Carrere and Lyard 2003) corrections.
4 2-D Reconstructed Sea Level Over 1950–2009
We reconstructed 2-D sea level grids at yearly intervals over 1950–2009 using the three
input sea level grids (DRAKKAR/NEMO, SODA and altimetry) described above. The
same area (50S to 70N) was considered for each input sea level grids to ensure con-
sistency between the reconstructions. The input sea level grids were also yearly averaged
before the reconstruction process because here we are mostly interested in the interannual
to multidecadal timescales. Thus, all reconstructions are based on yearly data sets.
For reconstructions based on altimetry, we considered an instrumental error variance of
4 cm2 to compute the error covariance matrix (see Sect. 2). For reconstructions based on
OGCM, there is no instrumental error but instead we consider a data error. The data error
has been derived from the variance of the differences between the OGCM and the altimetry
yearly data sets over their overlapping period 1993–2007. This gives a data error variance
of 15.2 cm2 for SODA and 10.9 cm2 for DRAKKAR. These values are introduced in the
error covariance matrix for the OGCM-based reconstructions.
Several reconstructions were computed to estimate the sensitivity of the reconstructed
sea level with respect to two key points of the reconstruction process: (1) the number of
EOF modes used in the reconstruction and (2) the period covered by the input grids used to
compute the EOFs. All together, 87 different reconstructions were produced: 42 recon-
structions for the DRAKKAR and SODA cases (6 series of 7 reconstructions based on 10,
15, 20, 25, 30 and 35 modes) with EOFs computed over 7 different time spans of the
OGCM runs: 50 years (1958–2007), 43 years (1965–2007), 40 years (1968–2007),
38 years (1970–2007), 30 years (1978–2007), 28 years (1980–2007), and 20 years
(1988–2007), plus 3 reconstructions for the altimetry cases based on 10, 15 and 17 modes,
with EOFs computed over the 17-year-long time span.
4.1 Spatial trend Patterns and Modes of Variability (EOFs) of the Reconstructed Sea
Level Over 1950–2009
Figure 3a presents reconstructed spatial trend patterns over 1950–2009 for three cases: (1) EOFs
from DRAKKAR/NEMO over 1958–2007—case 1, (2) EOFs from SODA over 1958–2007—
case 2 and (3) EOFs from altimetry over 1993–2009—case 3 (here 15 modes are used for the
reconstructions; this number of modes optimizes the results as discussed in Sect. 4.2).
Some features common to the two model-based reconstructions (cases 1 and 2) are seen
in Fig. 3a; for example, the patterns in the Pacific, Indian, Austral and south Atlantic
oceans. However, differences are noticed in the tropical Atlantic and North Atlantic south
of Greenland. The altimetry-based reconstructed trends agree better with SODA (case 2)
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Fig. 3 Reconstructed spatial
trends in sea level over
1950–2009 (15 first modes) based
on: a EOFs of DRAKKAR/
NEMO over 1958–2007, b EOFs
of SODA over 1958–2007,
c EOFs of satellite altimetry over
1993–2009. d The reconstructed
global mean sea level since 1950
for the 3 reconstructions (black
curve DRAKKAR/NEMO; red
curve SODA; blue curve
altimetry). The grey shaded zone
represents the uncertainty of the
altimetry-based reconstructed
global mean sea level
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than DRAKKAR/NEMO (case 1). We note that the DRAKKAR/NEMO reconstruction has
locally higher amplitudes than the other two reconstructions.
Unlike the spatial patterns, the global mean sea level curves over 1950–2009 from the 3
reconstructions agree rather well (see Fig. 3d). Curves for the two model-based recon-
structions (cases 1 and 2) fall within the uncertainty of the altimetry-based reconstructed
sea level curve. This uncertainty was estimated from the quadratic sum of formal errors
derived from the inversion process and tide-gauge data errors. The latter were estimated
from a bootstrap method (Efron and Tibshirani 1993) for standard errors of yearly tide-
gauge-based sea level values with a significance level—SL[95%. It dominates the total
error.
The three global mean sea level curves present very similar trends over 1950–2009,
1.8 mm/year for the DRAKKAR/NEMO and altimetry-based reconstructions and 1.7 mm/
year for the SODA-based reconstruction. Global mean interranual to decadal variability
also correlates fairly well. The detrended global mean sea level from the DRAKKAR/
NEMO-based reconstruction shows a correlation of 0.66 with the SODA-based recon-
struction and 0.62 with the altimetry-based reconstruction.
We performed an EOF decomposition of the reconstructed grids over 1950–2009 for the
three cases (note that the EOF decomposition of reconstructed sea level is not expected to
be similar to that of the spatial input grids because new temporal amplitudes have been
estimated). The global mean sea level was removed before the EOF decomposition. The 3
leading modes (EOF1/2/3) of each case (i.e. DRAKKAR-/NEMO-, SODA- and altimetry-
based reconstructions) are shown in Fig. 4. The EOF1 temporal curves of the DRAK-
KAR-/NEMO- and altimetry-based reconstructions display an upward trend. For the
DRAKKAR/NEMO reconstruction, the interranual variability of this curve correlates
significantly (0.52 SL[99%) with the PDO index (e.g., Zhang et al. 1997) after *1975,
showing an influence of the Pacific ocean on the leading mode over the last decades. It is
not the case for the altimetry reconstruction because no similar significant correlation could
be found with its EOF1 temporal curve. Noting that the spatial patterns of both EOF1 s
closely resemble the trend patterns shown in Fig. 3, we conclude that this mode reflects the
sea level signature of a low frequency signal. (of pseudo periodicity longer than the
60-year-long time span considered in this study). The EOF1 of the SODA reconstruction
displays different characteristics. First, its temporal curve increases only after 1980, and
second, its spatial pattern does not resemble the trend patterns shown in Fig. 3. Rather, it
seems closer to an ENSO-like pattern. The temporal curve correlates well (0.62 with
SL[99%) with the Southern Oscillation index (SOI) (difference of atmospheric pressure
between Darwin, Australia, and Tahiti, French Polynesia: a proxy of ENSO), revealing the
influence of ENSO. Unlike EOF1 s, EOF2 spatial patterns of the 3 reconstructions com-
pare fairly well. Their temporal curves show significant influence from the Pacific region:
EOF2 of the DRAKKAR/NEMO reconstruction correlates well with the PDO index before
1975 (0.65 with SL[99%), EOF2 of the SODA reconstruction correlates well with the
SOI over 1950–2009 (0.67 with SL[99%) and EOF2 of the altimetry reconstruction
correlates well with the PDO index over 1950–2009 (0.64 with SL[99%). Finally, EOF3s
of the three reconstructions agree reasonably well each other. They all show significant
correlation with the El Nino Modoki Index (EMI), a proxy of a different type of ENSO
events marked by a warming of the central Pacific instead of the East Pacific (Ashok and
Yamagata 2009). However, the correlation is reasonable for the DRAKKAR/NEMO
reconstruction (0.54 with SL[99%) and weak for the SODA (0.30 with SL = 0.99%) and
altimetry-based (0.34 with SL = 99%) reconstructions.
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Fig. 4 EOFs modes 1 (top panels), 2 (middle panels) and 3 (bottom panels) of the reconstructed sea level
heights based on EOFs of DRAKKAR/NEMO (1958–2007) (left column), SODA (1958–2007) (middle
column) and altimetry (1993–2009) (right column). The global mean sea level was removed before the EOF
decomposition. The reconstructions are based on 15 EOF modes. Superimposed to the temporal amplitudes
(black curves) are plotted the PDO index (blue), the SOI index (red) and the EMI index (green)
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Looking at Fig. 4, we note that DRAKKAR/NEMO- and altimetry-based reconstruc-
tions roughly capture similar signals, in particular a low-frequency signal. A similar low-
frequency signal had been previously reported by Llovel et al (2009) in their sea level
reconstruction over 1950–2003 using the OPA/NEMO ocean reanalysis (a version of the
NEMO model with data assimilation; see Llovel et al. 2009 for details). The DRAKKAR/
NEMO- and altimetry-based reconstructions also display in their EOF3 some imprint of the
El Nino Modoki type event, in particular in recent years where the amplitude of the EOF3
gets higher. On the other hand, the SODA-based reconstruction seems to be dominated by
the classical ENSO signal. It captures as well in its EOF3 some imprint of the El Nino
Modoki type events, in particular in the recent years.
These three reconstructions use the same set of tide gauges but different input spatial
grids. Thus, the differences noticed both in reconstructed spatial trend patterns and EOF
decompositions likely reflect the dominant influence of these input spatial functions.
Several factors may play a role, among them the quality of the sea level grids (e.g., the
respective performance of the DRAKKAR/NEMO and SODA ocean models) and the
period covered by the EOFs were used to do the reconstruction (50 years for DRAK-
KAR/NEMO and SODA, and 17 years for altimetry). We examine below the influence
of the latter factor (in addition to that of the number of EOF modes used for the
reconstruction).
4.2 Optimization of the Number of EOF Modes Used for the Reconstruction
and Length of Input Sea Level Grids
In this section, we examine the effect of the number of EOF modes used for the
reconstruction and the length of the input sea level grids. To find the optimal case, we
perform two kind of comparisons: (1) we compare locally reconstructed and observed
sea level time series over the time span of data availability at tide gauges not used in
the reconstruction (91 reconstructions are completed, omitting one gauge at a time; we
then compare at each corresponding site the reconstructed and observed sea level time
series) and (2) we compare global reconstructed trends with (observed) altimetric trends
over 1993–2009. For that purpose, we only consider the DRAKKAR/NEMO recon-
struction. For the reconstruction, two parameters were varied: the number of modes (10,
15, 20, 25 and 30 modes were considered) and the length of the input grids to compute
the EOFs (50 years, 40 years, 30 years and 20 years; the final year is always 2007,
meaning that the time span of the input grids starts in 1958, 1968, 1978 and 1988,
respectively).
Figure 5 shows the reconstructed trend maps over 1950–2009 with 50-year, 40-, 30- and
20-year long DRAKKAR/NEMO EOFs (with 15 and 20 modes). At global scale, these
different reconstructions are consistent with each other except in the southern oceans south
of 45S. This region is actually not constrained by any tide gauge since the lowest latitude
tide gauge we use is located at 44S. For that reason, the reconstructed fields in the high
latitude southern oceans are not very reliable. At regional scale, some discrepancies are
noticed. The two reconstructions using 30- and 20-year long EOFs show a larger positive
pattern in the southern tropical Pacific with lower amplitude than in the other recon-
structions. It should be noticed as well that the 15-mode reconstructions based on 40- and
30-year long EOFs show a negative pattern south of Greenland that is not seen in the other




4.2.1 Validation with Independent Tide Gauges and Optimization of the Mode Number
and EOF Length
Because in the reconstruction, we used all long, high-quality tide-gauge records available
in the PSMSL data base, none were left for validation of the reconstruction. Thus, as in
Llovel et al. (2009), we removed one by one each tide-gauge record, and then performed
91 new reconstructions with only 90 tide-gauge time series and compared at the left tide-
gauge site reconstructed and observed sea level. Figure 6a shows the mean correlation
between reconstructed time series and tide-gauge records over their overlapping time span
as a function of input grid length and number of modes while Fig. 6b shows the standard
deviation (rms) of the differences between reconstructed trends and tide-gauge trends over
their overlapping time span. Both figures clearly show that 25-, 30- and 35-mode recon-
structions perform less well than 10-, 15- and 20-mode reconstructions. We also note that
the smallest rms is obtained for the longest input grid lengths ([40 years). The differences
between 10 and 15 modes is very small but the 15-mode reconstruction seems to perform
better in terms of reconstructed interannual variability since it shows slightly higher mean
correlation with tide-gauge records when using long EOFs (see Fig. 6a). In the following,
we consider 15 modes as optimal. In addition, reconstructions based on longest EOFs time
span seem to perform better.
4.2.2 Validation with Altimetry Data Over the Altimetry Time Span (1993–2009)
Another method to validate the reconstructions and determine the optimal number of
modes and EOF temporal length is to compare the reconstructed fields with observed (from
altimetry) sea level over the altimetry time span (1993–2009). Mean correlation between
reconstructed time series and observed time series over 1993–2009 at each grid mesh over
the whole oceanic domain are shown in Fig. 6c as a function of number of modes and EOF
temporal length. Root mean squares of the differences between reconstructed and observed
trends over 1993–2009 at each grid mesh are also shown in Fig. 6d. As for the validation
with tide gauges, we find that the highest mean correlation and lowest rms are obtained for
10–15–20 modes. In terms of trend rms, the impact of the EOF period is barely visible. In
terms of mean correlation, we find here that on these short time scales (1993–2009),
reconstructions with short EOF periods (\20 years) perform better. This is unlike the result
obtained by comparison with independent tide gauges over the long period 1950–2009 (see
Fig. 6a). But this is not surprising because these reconstructions are based on 20-year-long
EOFs over 1988–2007 for which the modelled sea level coincides very well with altimetry
used here for verification. Note that for long EOF periods ([40 years), best results in terms
of both mean correlation and trend differences are obtained for the 10–15 modes
reconstructions.
To summarize, the above comparisons indicate that the *15 mode case (i.e. between
10 and 20 modes) optimizes the reconstruction when the whole time span 1950–2009 is
considered. This is due to the fact that higher modes contain more noise while small scale
features can not be resolved during the inversion process because of the too sparse tide-
gauge data. Hence, using too many modes makes the reconstructions noisy and increases
artificially the amplitude of the regional variability. In addition, the 15-mode reconstruc-
tions are optimized when the input grids time is sufficiently long (roughly[30–40 years).
On the basis of the results shown on Fig. 6, the reconstruction that seems to give the
best results is the 15-mode reconstruction based on 50-year long EOFs.
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Fig. 5 Spatial trend patterns of the DRAKKAR/NEMO reconstruction (15 and 20 modes) for 50-year
EOFS (a and b), 40-year EOFs (c and d), 30-year EOFs (e and f) and 20-year EOFs (g and h)
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4.3 Comparisons Between the Three Reconstructions (DRAKKAR/NEMO, SODA
and Altimetry) Over 1950–2009
The results presented in Sect. 4.2 with the DRAKKAR/NEMO EOFs lead us to prefer the
15-mode and 50-year long input grids. A similar option is considered for the SODA input
grids. For altimetry, we can only use 17-year long input grids (with 15 modes for the
reconstruction). We can now compare the respective performances of these three cases. As
for case 1 (DRAKKAR/NEMO EOFs), we compare the performances of the SODA and
altimetry reconstructions at each of the 91 tide gauges not used in their respective
reconstructions. Figure 7 left panels show histograms of the 91 correlations between
Fig. 6 Top panels correlation and rms trend differences between DRAKKAR/NEMO reconstructed sea
level time series and each of the 91 tide gauges not used in the reconstruction (91 reconstructions are
completed, omitting one gauge at a time; we then compare at each corresponding site the reconstructed and
observed sea level time series), bottom panels correlation and trend differences between DRAKKAR/
NEMO reconstructed sea level time series and altimetry. Results are presented for reconstructions using 10
modes (black curves), 15 modes (blue curves), 20 modes (cyan curves), 25 modes (green curves), 30 modes
(magenta curves) and 35 modes (red curves). a Mean of the 91 correlations between tide gauges and
DRAKKAR/NEMO reconstructed sea level time series over 1950–2009 at the tide-gauge location as a
function of mode number and EOF length. b rms of the 91 differences between tide-gauge records not used
in the reconstruction and DRAKKAR/NEMO reconstructed sea level trends over 1950–2009 at the tide-
gauge location as a function of mode number and EOF length. c Mean of the correlations between satellite
altimetry and DRAKKAR/NEMO reconstructed sea level time series over 1993–2009 as a function of mode
number and EOF length (the correlations are computed over the 70N–50S oceanic domain on 1 9 1 grid
meshes). d rms of the differences between satellite altimetry and DRAKKAR/NEMO reconstructed sea level
trends over 1993–2009 as a function of mode number and EOF length (the differences are computed over
the 70N–50S oceanic domain on 1 9 1 grid meshes)
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reconstructed and observed time series at tide gauges not used in the reconstruction. The
high number of correlations higher than 0.7 (68) and of standard deviations lower than 30
mm (57) gives confidence in the reconstructed fields. The right panels show histograms of
the rms differences between these time series. The top panel shows the DRAKKAR/
NEMO reconstruction results, the middle one the SODA reconstruction results and the
bottom panel the altimetry reconstruction results.
No clear conclusion can be drawn from Fig. 7, as no single case appears to perform
better. We note that the SODA histograms spread more than DRAKKAR/NEMO and
altimetry histograms but differences are not drastic. The DRAKKAR/NEMO and altimetry
reconstructions give roughly similar performances. As noticed above for the EOF
decomposition of the reconstructed sea level grids, the DRAKKAR/NEMO- and altimetry-
based reconstructions compare better with each other than with the SODA-based recon-
struction. The reason for this is unclear. Possibly, each case at its advantages and draw-
backs. For example, the models provide longer input sea level grids (50 years compared
with the 17-year long altimetry record), allowing better capture of the low-frequency
variability. But the dominant modes of sea level variability remain imperfectly simulated
by the models, whereas they are likely better reproduced by the altimetry data. In fact,
these factors act in producing more or less similar reconstructions.
In Fig. 8 is shown the map of the absolute value of the differences between recon-
structed spatial trend patterns over 1950–2009 with DRAKKAR/NEMO (EOFs over
1958–2007, 15 modes) and SODA (EOFs over 1958–2007, 15 modes). The difference
signal is low in tropical regions (on the order of 1–2 mm/year) but much higher in the mid
and high latitudes, as well as in areas of western boundary currents, likely a result of the
poor performance of models in these regions. This is an illustration of less robust recon-
structed results in these particular regions whatever the choice of the input model.
5 Mean Reconstruction Based on Averaging of the DRAKKAR/NEMO-, SODA-
and Altimetry-Based Reconstructions; Comparison with Published Reconstructions
As classically done in climate modelling, we averaged the three reconstructions discussed
above to provide a ‘mean’ reconstruction. This was done by averaging at each yearly time
step the three reconstructed grids. Figure 9a shows spatial trend patterns over 1950–2009
of this ‘mean’ reconstruction, with the global mean trend (of 1.8 mm/year) included.
Figure 9b shows the same map in which the global mean trend has been removed. Fig-
ure 9c shows the standard deviation (rms) of the spatial trend patterns of the ‘mean’
reconstruction. Low rms are observed almost everywhere, except in western boundary
current regions, south of Iceland and south-east of Papua New-Guinea . In these areas, the
reconstructed signal should be taken with caution, as indicated above.
We compared the spatial trend patterns of our ‘mean’ reconstruction with those from
Hamlington et al. (2011) based on cyclostationary functions. Over the altimetry period, the
reconstructed patterns are very similar (and in good agreement with altimetry observa-
tions). However, over longer time spans (1950–2001), the patterns look quite different (see
Fig. 6 of Hamlington et al. 2011). The exact cause of such a discrepancy, possibly due to
the choice of the basis functions, remains to be investigated.
Figure 10 shows the global mean sea level over 1950–2009 based on the ‘mean’
reconstruction. Its trend amounts to 1.8 ± 0.1 mm/year. The 0.1 mm/year uncertainty is
the formal error. A more realistic error is likely closer to 0.3–0.4 mm/year (e.g., Ray and
Douglas 2011 and Church and White 2011 propose a mean trend error of 0.26 and 0.4 mm/
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year, respectively, after accounting for various sources of errors, including GIA
uncertainty).
Other published estimates of global mean sea level curves—either based on the
reconstruction approach as described here or on other methods—are available in the lit-
erature (e.g., Chambers et al. 2002a, b; Church et al. 2004; Holgate 2007; Jevrejeva et al.
2006, 2008; Wenzel and Schroeter 2010; Church and White 2011; Ray and Douglas 2011;
Hamlington et al. 2011). In Fig. 10, we have superimposed the global mean sea level
curves based on the Church and White (2011) and Hamlington et al. (2011) reconstruc-
tions. The global mean sea level from our ‘mean’ reconstruction agrees very well with that
from Church and White (2011) (within the uncertainty computed here as for Fig. 3d), both
Fig. 7 Performance of the 15-mode reconstructions: (left) histogram of the correlations between observed
and reconstructed sea level time series at tide-gauge sites not used in the reconstruction (91 sites
considered); (right) histogram of rms difference (observed minus reconstructed) time series at the tide-gauge
locations. a and b are for the DRAKKAR/NEMO reconstruction (EOFs over 1958–2007, 15 modes) while
c and d are for the SODA reconstruction (EOFs over 1958–2007, 15 modes). e and f are for the altimetry-
based reconstruction (EOFs over 1993–2009, 15 modes)
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in terms of interannual variability and trends (a trend of 1.8 mm/year is found with the
Church and White data over 1950–2009). The agreement with the Hamlington et al. (2011)
curve is not as good. The latter shows a larger trend of 1.95 ± 0.4 mm/year and slightly
less interannual variability. Again, the difference may result from the choice of the basis
functions.
Overall, the global mean sea level trend of our ‘mean’ reconstruction is very compa-
rable to most previously published estimates for the second-half twentieth century. For the
whole twentieth century, Ray and Douglas (2011)’s reconstruction proposes a value of
1.7 ± 0.26 mm/year quite similar to Church and White (2011) (equal to 1.7 ± 0.2 mm/
year for 1900–2009). From a neuronal network technique, Wenzel and Schroeter (2010)
found a trend of 1.6 ± 0.25 mm/year between 1900 and 2006.
6 Discussion
In this study, we developed and compared different 2-D sea level reconstructions based on
the EOF approach, using different spatial grids as input. An EOF analysis of the recon-
structed sea level fields shows a dominant low-frequency signal related to the PDO. Other
leading modes are also related to other natural ocean modes, in particular ENSO.
Validation tests dedicated to estimate the influence of the number of EOF modes used
for the reconstruction and the period of the input grids show that between 10 and 20 modes
and input grids longer than 30–40 years optimize the results. The latter result is not really
surprising as it is expected that the longer the input gridded data, the more complete the set
of ocean modes of variability be accounted for in the reconstructed signal. The use of
50-year long OGCM grids to compute the input EOFs allows capturing low-frequency
Fig. 8 Map of the absolute value of the differences between reconstructed spatial trend patterns over




modes of variability, in particular those related to the PDO. A similar conclusion was
drawn by Llovel et al. (2009). However, the results presented above show that the spatial
patterns of the reconstructed sea level are influenced by the input spatial grids (see Fig. 8).
Fig. 9 Mean of the three reconstructions based on DRAKKAR (15 modes, EOF over 1958–2007), SODA
(15 modes, EOF over 1958–2007) and altimetry. a Trends of the ‘mean’ reconstruction over 1950–2009.
b Trends of the ‘mean’ reconstruction over 1950–2009. The global trend of 1.8 mm/year has been removed.
c Standard deviation of the trends of the three reconstructions
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The assessment performed in this study also showed that the DRAKKER/NEMO
model-based and altimetry-based reconstructions compare rather well with each other (see
Fig. 4). This is somewhat unexpected because the altimetry-based reconstruction uses only
17-years of input sea level grids. We interpret this as the result of some kind of com-
pensation between longer input grids (from the model) and a better representation of the
sea level variability (from the altimetry data). As a result, more or less similar recon-
structions are obtained. Evidently, the best results are to be expected when 50 years of
satellite altimetry will be available!
An interesting point is that the reconstructed global mean sea level is fairly independent
of the input grids (see Fig. 3d). It appears also relatively independent of the tide-gauge
selection. Indeed, we find a reconstructed global mean sea level very close to the Church
and White (2011) one based on a different tide-gauge records selection.
Finally, one may wonder whether reconstructing past sea level has any interest provided
that several OGCM outputs and ocean reanalyses now available are regularly improving
and provide gridded sea level time series since the late 1950 s. While there is no doubt that
ocean models improved much in the recent years, some differences are still observed
between the models. This is illustrated in Fig. 11 showing the spatial trend difference map
over 1958–2007 between DRAKKAR/NEMO and SODA. As for Fig. 8, we note that the
difference signal is low in the tropics (on the order of only 1–2 mm/year) but higher in
middle and high latitudes, probably reflecting that OGCMs and ocean reanalyses are still
imperfect in these regions. Another argument to perform past 2-D sea level reconstructions
is the fact that regional variability due to non-steric factors affects sea level. OGCMs and
ocean reanalyses simulate steric variability only but not circulation changes due to land
water mass addition or GIA or other mass redistribution effects causing solid Earth
deformation and gravitational effects. To illustrate this, Fig. 12 shows the spatial trend
difference map between the DRAKKAR model outputs over 1993–2007 and observed
(altimetry-based) sea level over the same time span. Of course, the residual map seen in
Fig. 12 may reflect model uncertainty, but we cannot exclude it also may well contain
physical signal of non-steric origin present in the altimetry data but not in the model.
Fig. 10 Global mean sea level from the ‘mean’ reconstruction over 1950–2009 (red curve). We have added
the reconstructed global mean sea level over 1950–2009 from Church et al. (2011) (blue curve) and
Hamlington et al. (2011) (black curve). The grey shaded zone represents the uncertainty of the ‘mean’
reconstructed global mean sea level
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Efforts to develop 2-D past sea level reconstructions are certainly worthwhile pursuing.
However, as we have seen in this study, the reconstructed spatial trend patterns are
somewhat dependent on the input spatial grids and basis functions. Using a larger number
of tide-gauge data with improved spatial coverage may partly solve this problem. But the
Fig. 11 Spatial trend pattern differences over 1958–2007 between DRAKKAR/NEMO model and SODA
reanalysis




tide-gauge coverage will never be good enough to capture all the sea level regional
variability.
A potential solution of improvement is to perform 2-D reconstructions with an ensemble
of input spatial grids (from different OGCMs and reanalyses) and then deduce a ‘mean’
reconstruction by averaging the different reconstructions, as done with coupled climate
model projections of future regional sea level variability. In this study, we make a first
attempt in this direction and produce a ‘mean’ reconstruction based on averaging recon-
structed annual sea level grids from three independent reconstructions. This is a promising
solution that should provide more and more realistic past sea level data when a larger set of
reconstructions will be available.
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Abstract. Terrestrial water storage (TWS) composed of sur-
face waters, soil moisture, groundwater and snow where ap-
propriate, is a key element of global and continental water
cycle. Since 2002, the Gravity Recovery and Climate Exper-
iment (GRACE) space gravimetry mission provides a new
tool to measure large-scale TWS variations. However, for
the past few decades, direct estimate of TWS variability is ac-
cessible from hydrological modeling only. Here we propose
a novel approach that combines GRACE-based TWS spatial
patterns with multi-decadal-long in situ river level records,
to reconstruct past 2-D TWS over a river basin. Results are
presented for the Amazon Basin for the period 1980–2008,
focusing on the interannual time scale. Results are compared
with past TWS estimated by the global hydrological model
ISBA-TRIP. Correlations between reconstructed past inter-
annual TWS variability and known climate forcing modes
over the region (e.g., El Nin˜o-Southern Oscillation and Pa-
cific Decadal Oscillation) are also estimated. This method
offers new perspective for improving our knowledge of past
interannual TWS in world river basins where natural cli-
mate variability (as opposed to direct anthropogenic forcing)
drives TWS variations.
1 Introduction
Terrestrial water storage (hereafter noted as TWS) is an im-
portant component of the global and continental water cy-
cle. TWS refers to the total amount of water integrated over
depth, stored in a catchment area. It is comprised of sur-
face waters, soil moisture and underground waters. In some
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regions, TWS also includes snow. Variation of TWS with
time t is linked to accumulated precipitation (P ), evapotran-
spiration (ET), surface and subsurface runoff (R) within a
given area or basin, through the water balance, written as:
d(TWS)
dt
= P − ET − R (1)
Quantification of TWS variability and change is difficult be-
cause limited ground water level and soil moisture observa-
tions are available, and often are simply inadequate or inexis-
tent (e.g., Rodell and Famiglietti, 1999; Shiklomanov et al.,
2002; Alsdorf et al., 2007; Liu and Yang, 2010; Liu et al.,
2009) at basin or smaller scales.
Global and regional hydrological models developed for
water resources assessment and climate research purposes
provide an alternative to missing in situ measurements (e.g.,
Do¨ll et al., 2003; Milly and Shmakin, 2002, Rodell et al.,
2004). Some of these models compute the water and en-
ergy balance at the Earth’ surface, yielding – among other
parameters, temporal variations of the total water storage
in response to prescribed forcing (solar radiation and pre-
cipitation) and variations of near-surface atmospheric condi-
tions. Since 2002, the Gravity Recovery and Climate Exper-
iment (GRACE) space mission provides gridded time series
of TWS at monthly or sub-monthly interval, with a resolution
of ∼300–400 km (Tapley et al., 2004; Wahr et al., 2004) and
a precision of ∼2 cm in equivalent water height (EWH) (in
the following EWH refers to spatially distributed water stor-
age while TWS refers to water storage averaged over a given
area). GRACE provides a highly valuable new data set that
allows studying water storage change over large river basins
worldwide, complementary to precipitation, in situ river level
and discharge data. However the GRACE lifetime is still
short and does not allow studying past decade variability of
Published by Copernicus Publications on behalf of the European Geosciences Union.
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TWS. Only hydrological model outputs can be used for that
purpose.
We have developed a novel method to reconstruct 2-
dimensional (i.e., gridded) TWS over the past decades (since
1980). The method is similar to that classically used to re-
construct past atmospheric or oceanic fields such as marine
sea level pressure (Kaplan et al., 2000), sea surface tempera-
ture (Smith and Reynolds, 2003) and sea level (Chambers et
al., 2002; Church et al., 2004; Llovel et al., 2009; Calafat
and Gomis, 2009). The method developed in the present
study combines spatial information on TWS from GRACE
(over 2003–2008) with multi-decade-long (over 1980–2008)
but sparse river level time series based on in situ gauges. The
past reconstructed TWS grids cover the 1980–2008 period.
The method is applied to the Amazon Basin and is focussed
on interannual variability.
Compared to classical reconstructions applied to atmo-
spheric or oceanic data sets which combine grids and sparse
records of the same physical quantity (e.g., surface atmo-
spheric pressure or sea level), here this is not the case as
we combine gridded TWS from GRACE with in situ river
level records. River level is a component of the total TWS,
related in a nonlinear way to inundation extent and thus sur-
face water volumes. However, in the Amazon Basin, previ-
ous studies (e.g., Xavier et al., 2010; Vaz de Almeida, 2009)
have shown that at seasonal and interannual time scales, river
water level fluctuations can locally be correlated to TWS
(as observed by GRACE). Such a correlation suggests that,
at these time scales, TWS (including underground waters)
and surface waters co-vary in a similar way. In the present
study, we take advantage of this correlation at the interannual
time scale and compute a scaling factor between river level
and GRACE-based TWS over the GRACE time span (since
2002). This allows us to construct virtual multi-decade long
TWS time series at the gauging sites for further combination
of 2-D TWS grids from GRACE (of limited time duration)
with sparse but long virtual TWS time series (based on the
re-scaled river level time series). The final products are grid-
ded (i.e., 2-D) time series of past TWS.
2 Data
2.1 In situ river level data
In this study, we use water level data from the in-situ gauging
stations instead of river discharge data because it is one of the
TWS components, unlike discharge. Since direct measure-
ments of discharge in river channels can be time-consuming
and costly, flow is commonly estimated indirectly by means
of a curve relating stage (river level) to discharge (Clarke,
1999). Hence, uncertainties of stage measurements and rat-
ing curve method increase the final uncertainty. Using river
level data is thus more straightforward (but note that our re-
construction method would also work with discharge data).
Fig. 1. Amazon River watershed with its main sub-basins. Loca-
tion of the in situ river stages is indicated by dots. The red dots
are the stations used in the reconstruction over 1980–2008 and cor-
respond to a correlation coefficient ≥0.7 with GRACE TWS and
in-situ level data over 2003–2008. The stations with a correlation
coefficient in the range (0.5–0.7) are in green dots and in grey dots
for a correlation coefficient <0.5.
We considered 58 in situ gauge sites with almost contin-
uous water level time series over 1980–2008. The data are
available from the Brazilian water agency ANA – Ageˆncia
Nacional de A´guas- network (www.ana.gov.br). The loca-
tion of the 58 sites is shown in Fig. 1. The river level time
series are located on the Amazon River and on some of its
tributaries. They cover the period from January 1980 to De-
cember 2008 and are given at monthly interval. Only time
series with gaps smaller than 2 consecutive years are con-
sidered (see Table 1). These gaps are then filled by linear
interpolation. This dataset is subjected to outlier analysis in
order to identify and remove extreme values that may lead to
an incorrect interpretation of the data. In the present study,
outliers are detected using the Rosner’s test (Rosner, 1975).
As we focus here on interannual to multidecadal time scales,
we removed the seasonal cycles from in-situ river level data.
The seasonal cycles in these data was removed by fitting si-
nusoids with periods of 12 and 6 months, before filling the
gaps.
2.2 GRACE TWS data
The GRACE space mission, jointly developed by NASA
and DLR (German Space Agency), was launched on
17 March 2002. It utilizes a state-of-the-art technique to
measure temporal variations of the Earth’s gravity field by
tracking through a K-band ranging (KBR) system, the inter-
satellite range and range rate between two coplanar, low al-
titude satellites (GRACE A and B) (Tapley et al., 2004).
In addition, each satellite is equipped with a SuperSTAR
Accelerometer, GPS receiver/antenna, Star Cameras, and
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Table 1. Characteristics of the in-situ river level stations: location (latitude, longitude), name of the sub-basin, percentage of gaps in the
record over 1980–2008 and maximum of consecutive months missing in the record (in the brackets, “–” means that no month is missing).
Correlation GRACE-based TWS data over 2003-2008 (SL > 99%) and corresponding scaling factor. We average three pairs of in situ stations
(ID: 6, 17 and 24) because these stations are in the same 1◦ × 1◦ GRACE pixel.
ID Location Sub-basin Percentage of gaps 1970–2008 Correlation with Scaling
(lat, lon) (maximum gap in months) GRACE data 2003–2008 factor
1 −0.57 −52.57 – 2% (3) 0.8 6
2 −1.92 −55.51 – 1% (1) 0.7 7
3 −2.62 −56.73 – 10% (21) 0.6 10
4 −3.06 −56.73 – 8% (16) 0.6 11





0.8 13−4.9 −60.03 4% (7)
7 −5.82 −61.3 Madeira 7% (14) 0.7 20
8 −8.93 −62.06 Madeira 8% (17) 0.6 12
9 −15.01 −59.96 Madeira 9% (9) 0.5 5
10 −7.71 −60.59 Madeira 1% (2) 0.5 12
11 −7.21 −60.65 Madeira 5% (3) 0.4 –
12 −10.87 −61.94 Madeira 8% (19) 0.4 –
13 −10.17 −59.46 Madeira 12% (12) 0.4 –
14 −7.5 −63.02 Madeira 4% (10) 0.3 –
15 −6.8 −59.04 Madeira 3% (3) 0.2 –





0.9 52.83 −60.66 7% (8)
18 0.51 −61.79 Negro 5% (4) 0.9 12
19 −1.46 −61.63 Negro 2% (4) 0.8 9
20 3.21 −60.57 Negro 11% (6) 0.8 7
21 3.44 −61.04 Negro 16% (17) 0.8 6
22 −0.97 −62.93 Negro 2% (4) 0.8 8





0.8 10−0.42 −65.02 – (–)
25 −0.2 −66.8 Negro – (–) 0.8 16
26 0.13 −68.54 Negro 9% (8) 0.8 14
27 0.37 −67.31 Negro 2% (5) 0.8 18
28 −3.14 −60.03 Negro – (–) 0.5 11
29 −3.45 −68.75 Solimo˜s 2% (5) 0.8 26
30 −3.1 −67.94 Solimo˜s 3% (3) 0.8 23
31 −6.68 −69.88 Solimo˜s 9% (10) 0.7 25
32 −4.84 −66.85 Solimo˜s 5% (5) 0.7 22
33 −7.72 −67 Solimo˜s 2% (3) 0.6 20
34 −6.54 −64.38 Solimo˜s 5% (4) 0.6 20
35 −2.49 −66.06 Solimo˜s 7% (14) 0.6 22
36 −9.97 −67.8 Solimo˜s 2% (7) 0.6 18
37 −7.45 −73.66 Solimo˜s 4% (4) 0.6 7
38 −7.63 −72.66 Solimo˜s 3% (3) 0.5 26
39 −7.26 −64.8 Solimo˜s 3% (5) 0.5 24
40 −4.73 −62.15 Solimo˜s 15% (20) 0.5 19
41 −4.06 −63.03 Solimo˜s 5% (7) 0.5 21
42 −8.65 −67.38 Solimo˜s 6% (11) 0.5 –
43 −8.74 −67.4 Solimo˜s 10% (7) 0.4 –
44 −3.31 −60.61 Solimo˜s 1% (2) 0.4 –
45 −3.88 −61.36 Solimo˜s 7% (14) 0.4 –
46 −4.41 −61.9 Solimo˜s 7% (6) 0.4 –
47 −9.07 −67.4 Solimo˜s 12% (11) 0.3 –
48 −9.04 −68.58 Solimo˜s 7% (12) 0.2 –
49 −13.56 −55.33 Tapajo´s 6% (4) 0.6 8
50 −2.41 −54.74 Tapajo´s 5% (12) 0.7 6
51 −11.54 −57.42 Tapajo´s 4% (2) 0.6 5
52 −10.11 −55.57 Tapajo´s 7% (14) 0.5 7
53 −1.75 −52.24 Xingu 7% (5) 0.7 3
54 −3.21 −52.21 Xingu 1% (5) 0.3 –
55 −5.65 −54.52 Xingu 9% (9) 0.2 –
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Laser Retro Reflector. The GRACE Science Data System
uses measured inter-satellite range and range rate data, along
with ancillary data, to estimate monthly (or sometimes sub-
monthly) time series of global Earth’s gravity fields (Bettad-
pur, 2007; Flechtner, 2007).
Time variable GRACE global gravity solutions are pro-
vided by three GRACE data processing centers of the Sci-
ence Data System (SDS): Center for Space Research (CSR)
at the University of Texas at Austin, the Geoforschungszen-
trum (GFZ) in Potsdam, and the NASA Jet Propulsion Lab-
oratory (JPL). The GRACE solutions are distributed by
NASA PODAAC (http://podaac.jpl.nasa.gov/grace/). Other
groups external to SDS also provide GRACE solutions,
e.g., the Goddard Space Flight Center (NASA; Rowlands
et al., 2002), the Delft Institute of Earth Observation and
Space Systems (DEOS; Klees et al., 2008), the Groupe de
Recherche de Geodesie Spatiale (GRGS; Lemoine et al.,
2007), among others. The GRACE monthly (or sub monthly)
solutions are generally expressed in the form of spherical
harmonic coefficients of the geoid height, up to some max-
imum degree (typically between 60 and 100, corresponding
to wavelengths of ∼400 to 700 km). Gridded time series are
also available, in general expressed in terms of EWH. Since
the beginning of the mission, different GRACE solutions re-
leases have been made available by the SDS groups, with im-
proved quality from release to release. Here we use GRACE
products (release 2) computed by the Groupe de Recherche
de Geodesie Spatiale – GRGS (Bruisma et al., 2009). These
are monthly EWH solutions provided as 1◦ × 1◦ global grids
from January 2003 through December 2008. As we focus
here on interannual to multidecadal time scales, we removed
the seasonal cycle from the gridded GRACE EWH by fitting
sinusoids with periods of 12 and 6 months at each grid mesh.
We selected GRACE-based EWH data over the Amazon
Basin. For small basins, it is necessary to correct for a leak-
age factor (due to gravitational signal from outside the con-
sidered basin; Chambers, 2006). However over the Amazon
Basin, the leakage correction is ∼5% of the seasonal sig-
nal (Chen et al., 2007; Ramillien et al., 2008; Xavier et al.,
2010). To confirm this result, we estimated the leakage er-
ror on the Amazon Basin following Klees et al. (2007) and
Longuevergne et al. (2009). Outputs from the Global Land
Data Assimilation System (GLDAS-NOAH) (Rodell et al.,
2004) has been considered as an a-priori information to com-
pute the leakage error over the period 2003–2008. We obtain
a leakage error of about 5% of the seasonal cycle, as in pre-
vious studies, and around 3% of the interannual signal. As
we focus here on the interannual variability, we conclude that
the leakage error is negligible.
Figure 2 shows the first three leading modes of the Empir-
ical Orthogonal Function (EOF) decomposition (Preisendor-
fer, 1988) of gridded TWS based on GRGS GRACE data
over 2003-2008. The EOF mode 1 is dominated by a strong
positive signal affecting the Negro subbasin and a small area
in the southern part of the basin. The EOF mode 2 suggests
Fig. 2. EOF analysis of TWS from GRACE data over 2003–
2008. Spatial patterns of the EOF decomposition of TWS. The three
modes are arranged from top to bottom. The principal components
are given in the right.
that the Amazon Basin is divided into two main hydrological
zones (west and east). The EOF mode 3 shows the mid-2005
drought that affected the centre and the western part of the
basin (Chen et al., 2009). These EOF results are very similar
to those obtained by Xavier et al. (2010), who made an EOF
decomposition of TWS from the CSR GRACE solutions fil-
tered by Chambers (2006).
3 Relationship between GRACE-based TWS and in situ
river levels
The first step of the analysis consists of expressing interan-
nual river level data in terms of local EWH time series, tak-
ing advantage of the local correlation existing between in situ
river level and GRACE-based TWS measurement at the river
gauge location. Xavier et al. (2010) investigated this corre-
lation and showed it is quite significant along the Amazon
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River, and in the Madeira and Negro sub basins, in particular
at interannual time scale.
We computed the regression function between in situ river
level and GRACE-based EWH time series (annual cycle re-
moved), averaging all in situ river level records available in
each 1◦ × 1◦ GRACE pixel (in order to not weight over pix-
els that contain more than one in situ station). The actual
GRACE resolution is closer to ∼300 km (e.g., Schmidt et
al., 2008) but tests made by averaging the in situ data in grid
mesh of 3◦ × 3◦ did not show significant difference in the
reconstruction results. Computing the regression slope be-
tween the two data sets is equivalent to computing the ra-
tio (called scaling factor) between the standard deviations of
both river level and GRACE EWH time series (after remov-
ing their mean). The correlations and the scaling factors for
each of 55 in-situ river level stations are gathered in Table 1
(see Fig. 1 for their location). Figure 3 shows in situ water
level and GRACE EWH for a subset of 16 sites, chosen for
their wide distribution across the basin (note that when 3 sites
are located inside a single 1◦ 1◦ GRACE mesh, only mean lo-
cation and mean river level time series are shown in Fig. 3; in
these plots, river level time series are expressed in EWH us-
ing the computed scaling factor over span 2003–2008). From
Table 1 and Fig. 3, we observe significant correlation on in-
terannual time scale between the two data sets (river level and
total TWS) at a given location. We also checked that the time
series of the EOF decomposition of both GRACE and gauges
are consistent over the GRACE period (not shown here).
Using the scaling factor computed over the validation
period 2003–2008, TWS virtual records were then recon-
structed backward in time (back to 1980) from the river level
time series. In the reconstruction we only use in situ river lev-
els that do verify a correlation higher than 0.7 with the clos-
est GRACE data point. Only 23 sites verify the correlation
among a total of 55. This may result from a different hydro-
dynamic behaviour between total water storage and surface
waters (possibly because of the presence of seasonal flood-
plains; Alsdorf et al., 2000; or confluence with a tributary).
In situ virtual TWS records used to reconstruct the past 2-D
TWS fields will have in common that they are dominated by
their surface water component variability. For the Negro sub-
basin Frappart et al. (2008) confirmed that the surface water
component is not negligible in the interannual TWS, which
is almost equally partitioned between surface water and the
combination of soil moisture and groundwater. We cannot
exclude that in other regions of the Amazon Basin, the rela-
tionship does not hold. At first sight, this could bias the re-
construction process. Actually this is not the case, as we will
see below (see method in Sect. 4) since the functions (EOFs)
used to interpolate the virtual records in the reconstruction
process are statistical modes of the total TWS variability that
intrinsically take into account the co-variability of the dif-
ferent layers of the soil at different places (the method op-
timally interpolates virtual TWS records that are all domi-
nated by their surface waters). In other (not correlated) areas,
reconstructed spatial patterns will be based on the statistical
information contained in GRACE TWS grids (provided that
these patterns are stationary; see discussion below).
4 Method
The method used to reconstruct past (over 1980–2008) TWS
in 2-dimension over the Amazon Basin is based on the re-
duced optimal interpolation described by Kaplan et al. (2000)
and used by Church et al. (2004) to reconstruct past sea level.
This method has 2 steps. In the first step an EOF decomposi-
tion (Preisendorfer, 1988; Toumazou and Cretaux, 2001) of
the GRACE-based TWS grids is done. This decomposition
allows to separate the GRACE signal (here represented by a
matrix H, with m lines for each spatial point and n columns
for each date) into spatial modes (EOFs) and their related
temporal amplitude as follow:,
H(x,y,t) = U(x,y) α(t). (2)
In this equation U(x,y) stands for the spatial modes and α(t)
for their amplitude over the GRACE period. Assuming that
the spatial modes U(x,y) are stationary in time, we deduce
that the reconstructed TWS field of the Amazon Basin over
the long period 1980–2008 (called here HR(x,y,t)) has an
EOF as follow:
HR(x,y,t) = U(x,y) αR(t). (3)
where αR(t) represents the new amplitudes of the EOFs over
1980–2008.
The second step consists of computing the new amplitudes
αR(t) over the whole period 1980–2008 thanks to the in situ
virtual TWS records. It is done through a least squares op-
timal procedure that minimizes the difference between the
reconstructed field and the in situ virtual TWS records at the
in situ gauge locations.
In the first step, the EOF modes and amplitudes of the
GRACE data set matrix H are computed through a singular
value decomposition approach, such that:
H = USV T (4)
where U(x,y) still stands for the EOF spatial modes, S is
a diagonal matrix containing the singular values of H and
V represents the temporal eigen modes. At this stage the
amplitude α(t) of the EOF modes can be simply written
as α(t) = SV T . Conceptually, each EOF k (k-th column of
U(x,y) multiplied by the k-th line of α(t): Uk(x,y)αk(t))
is a spatio-temporal pattern of TWS variability that accounts
for a percentage of the total variance of the TWS signal H.
As stated in Eq. (2), the computation of the EOFs is purely
statistical and has no information on the layers of the soil in-
volved in the local variance of the EOFs. This information
is actually randomly distributed in each EOFs so that each
one of them carries variability that comes from all the layers.
Obviously if at a location (xs, ys) the total signal H(xs, ys)
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Fig. 3. Scaled EWH for in situ station. The figure shows the scaling result for some in situ stations (see red dots on Fig. 1 for locations). The
TWS from GRACE over 2003–2008 period is plotted in black lines and the in situ river levels scaled in EWH over the same period are in
blue lines. r is the correlation coefficient and SL its significance level.
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is dominated by its surface water component, then for each
EOF k, the signal Uk(xs, ys) will also be dominated by the
surface water. But at the same time, for other points (xj , yj )
where this is not the case, then Uk(xj , yj ) will carry vari-
ability from other layers. The Uk(x,y) modes intrinsically
take into account the co-variability of the different layers of
the soil at different locations.
The low-order EOFs (eigenvectors of the largest singular
values) explain most of the variance and contain the largest
spatial scales of the signal. The higher-order EOFs contain
smaller spatial scale patterns and are increasingly affected
by noise. Besides, their amplitude is decreasingly well re-
solved by the least squares procedure because the sparseness
of the set of in situ gauges does not allow to resolve too small
scale patterns. Consequently, to be efficient, the TWS recon-
struction over the Amazon Basin uses only a subset of the M
lowest-order EOFs (the best fit between maximum variance
explained and minimum noise perturbation led us to choose
M = 3, which accounts for 79% of the total variance of the
GRACE data).
Consequently; the data matrix H can be written as
HM = UM (x, y) α(t) (5)
where α(t) = SMV TM is the matrix of the amplitude of the M
lowest EOFs. Following Kaplan et al. (2000), in the second
step, we compute, at each time step over the time span of the








PUM α − H0
)
(6)
+ αT −1 α
In Eq. (6) H0 is the in situ observed TWS, P is a projection
matrix equal to 1 when and where in situ records are available
and 0 otherwise and  is a diagonal matrix of the M largest
eigenvalues of the covariance matrix. R is the error covari-
ance matrix accounting for the data error covariance matrix
(instrumental error) and the error due to the truncation of the
set of EOFs to only the first M EOFs. The second term on
the right hand side of the function is a constraint on the EOF
spectrum of the solution. It prevents the least squares pro-
cedure to be contaminated by high-frequency noise (it filters
out non significant solutions that display too much variance
at grid points without nearby observations). The least squares
procedure is then applied to the virtual in situ TWS records
(H0) deduced from the in situ water level records. It provides
the reconstructed amplitude αR of the EOFs.
Since virtual TWS records are all relative to their own lo-
cal datum that are not cross-referenced over the basin, this
solution may be polluted by spatial variability of the in situ
TWS reference surface not necessarily consistent with the
GRACE TWS reference surface. To cope with this prob-
lem we solved Eq. (3) for changes in TWS between adja-
cent steps following Church et al. (2004). Once changes in
amplitude have been obtained at each time step, the ampli-
tudes themselves have been recovered integrating backward
in time. The integration constants are chosen to equal the re-
constructed EOF amplitudes mean to the GRACE EOF am-
plitude mean over the GRACE measurement period, ensuring
consistency between both sets of EOFs. Finally the recon-
structed field of TWS over the Amazonian Basin is obtained
by multiplying the first three EOFs with their reconstructed
amplitude:
HR = UM (x, y) αR(t) (7)
5 Stationarity of the spatial patterns
Since the spatial structure of EOFs is sensitive to noise in
the observational dataset, we use the longest GRACE dataset
available. The GRACE record used in this study spans only
6 years between January 2003 and December 2008 (this is
somewhat less but not significantly different from the 9 years
of TOPEX/Poseidon altimetry data used by Church et al.,
2004, to reconstruct past 50 years sea level). However, as
full coverage of the Amazon Basin’s TWS is only available
for the GRACE period, there is no other way to determine
TWS spatial patterns. As an alternative, EOFs could have
been computed from long hydrological model outputs. But
while hydrological models agree rather well in terms of TWS
spatial average, they much differ when looking at the spatial
patterns.
One possible drawback of using GRACE to compute spa-
tial EOFs is linked to the question of (non) stationarity in
time of the spatial patterns. Here, we assume that the EOF
spatial patterns of the GRACE TWS capture most of the in-
terannual/decadal variability. To test this stationary assump-
tion (inherent to the method used here), we consider a dataset
composed of 23 in situ gauges (black dots in Fig. 4, see be-
low), spanning over the period 1980–2008. We computed
the river level EOFs over three interval subsets (2003–2008,
1990–2008 and 1980–2008). Corresponding first 3 leading
modes (>80% of the total variance) are shown in Fig. 4. Very
little difference is noticed between the three cases. It is strik-
ing to see how the EOFs are similar despite the different time
span over which they have been computed.
In addition, we computed the EOFs of the monthly 1◦ × 1◦
gridded precipitation produced at the Global Precipitation
Climatology Center (GPCC) (Rudolf, 1995) over the same
three interval subsets (2003–2008, 1990–2008 and 1980–
2008). As we focus here on interannual time scale, we re-
moved the seasonal cycle from the gridded GPCC precipita-
tion data. The first 3 leading modes for each case are shown
in the Fig. 5. Again, very little difference is noticed be-
tween the three cases, suggesting that the shortest time span
captures well most of the interannual variability. These re-
sults suggest that the main spatial structures are present in
the in situ data and in precipitation data over the three pe-
riods considered (2003–2008, 1990–2008 and 1980–2008).
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Fig. 4. Spatial patterns of the third EOFs computed from in situ gauges. The black dots correspond to the 23 in situ gauges (the same 23 used
in the reconstruction) used for the EOF analysis over 2003–2008 (left panel), 1990–2008 (middle panel) and over 1980–2008 (right panel).
We conclude that surface water patterns (hence TWS fields,
because of the reported correlation) and precipitation pat-
terns are quasi stationary with time (at least as far as the
early 1980s). Thus the basic assumption of our reconstruc-
tion method (stationarity of the spatial EOFs) holds.
6 Reconstruction of past TWS (TWSR): results
We applied the method described in Sect. 4 to the GRACE
spatial modes and 23 in situ time series expressed in EWH
(seasonal signal removed, as indicated above).
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Fig. 5. Spatial patterns of the third EOFs computed from GPCC. EOF analysis over 2003–2008 (left panel), 1990–2008 (middle panel) and
over 1980–2008 (right panel).
6.1 Reconstructed TWSR averaged over the Amazon
Basin
Figure 6 shows past TWSR (1980–2008) averaged over the
Amazon Basin (a 5-month smoothing was applied to the
time series; TWSR holds for reconstructed TWS). For com-
parison, we also show the reconstructed TWSR (with same
smoothing) over 1990–2008. For the latter case, a larger
number (36) of in situ stations well correlated (r > 0.7) with
GRACE TWS were available. Hence a larger number of vir-
tual TWS time series could be used. Comparing the two re-
constructions shows very little difference, suggesting that the
number of virtual stations is not critical, provided that they
are well distributed across the basin (see Fig. 1). In Fig. 6 is
also shown GRACE-based mean TWS, which superimposes
well with the reconstructed curves.
We compared mean TWSR over 1980–2008 with mean
TWS computed by the ISBA-TRIP hydrological model.
ISBA is a hydrological model that uses the force-restore
method to calculate the time variation of the surface en-
ergy and water budgets (Noilhan and Planton, 1989). The
soil hydrology is represented by three layers: a thin sur-
face layer (1 cm) included in the rooting layer and a third
layer to distinguish between the rooting depth and the total
www.hydrol-earth-syst-sci.net/15/533/2011/ Hydrol. Earth Syst. Sci., 15, 533–546, 2011
542 M. Becker et al.: Past terrestrial water storage (1980–2008) in the Amazon Basin
Fig. 6. Basin-averaged of the TWSR. The basin-averaged of the TWSR over 1980–2008 is the black line. The basin-averaged of the TWSR
over 1990–2008 is the red line. The TWS GRACE data is superimposed in dot line over 2003–2008. We filtered out the high frequencies
using a simple 5-month running mean. r is the correlation coefficient (with a significance level higher than 99%).
Fig. 7. Basin-averaged of the TWSR comparison with ISBA-TRIP. The basin-averaged of the TWSR is the black line and its error bars are
in grey. The error in TWSR computed here is the sum of the error due to the least squares method and the error of the in situ records. This
signal accounts for 60% of the total reconstructed signal variance. ISBA-TRIP is in red line. The El Nin˜o events are represented by arrows.
We filtered out the high frequencies (>1 yr−1) using a simple 12-month running mean. r is the correlation coefficient (with a significance
level higher than 99%).
soil depth. Several surface water storage compartments as
dams, lakes, or groundwater storage are not simulated in
the ISBA-TRIP model. The soil water content varies with
surface infiltration, soil evaporation, plant transpiration and
deep drainage. The infiltration rate is computed as the dif-
ference between the through-fall rate and the surface runoff.
The through-fall rate is the sum of rainfall not intercepted
by the canopy, dripping from the interception reservoir and
snowmelt from the snow pack. ISBA also uses a compre-
hensive parameterization of sub-grid hydrology to account
for the heterogeneity of precipitation, topography and vege-
tation within each grid cell (Decharme and Douville, 2007).
TRIP -Total Runoff Integrating Pathways- was developed by
Oki and Sud (1998). It is a simple runoff routine model used
to convert the daily runoff simulated by 1◦ by 1◦ resolution.
The ISBA-TRIP version used in this study is driven by pre-
scribed atmospheric forcing using monthly precipitation data
from the Global Precipitation Climatology Center (GPCC)
Full Data Product V4 (Alkama et al., 2010; Decharme et al.,
2010). The temporal resolution of this data set in 1 month.
A fair comparison with GRACE observations requires that
ISBA fields be spatially filtered in a similar way. To do this,
ISBA-TRIP TWS gridded fields were expanded in spherical
harmonic (SH) functions. SH coefficients were truncated at
degree and order 50 (corresponding to a spatial resolution of
∼400 km). Then, new gridded ISBA-TRIP TWS were com-
puted with the ISBA-TRIP SH truncated at degree 50. TWS
based on ISBA-TRIP was averaged over the Amazon Basin,
and as for GRACE data. The seasonal signal was removed
data were smoothed with a 12-month running mean filter.
ISBA-TRIP-based mean TWS for the 1980–2008 period is
shown in Fig. 7. In Fig. 7, mean TWSR (as shown in Fig. 6)
is superimposed. Looking at Fig. 7, we note that the two
time series are well correlated, both in amplitude and timing.
The correlation between the two time series amounts to 0.9
(significant at the 99% level), giving confidence in the mean
TWSR, since the ISBA-TRIP simulation is based on a totally
independent approach. Conversely, this mutual agreement
provides another validation of the ISBA-TRIP model (see
Alkama et al., 2010). Non account of ground water storage
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in ISBA-TRIP could explain the small differences that re-
main between the two curves. We observe TWS minima
during ENSO events (indicated by arrows in Fig. 7), as ex-
pected from previously reported correlation between ENSO
and rainfall and in situ discharge data over the Amazon Basin
(Marengo, 2004; Molinier et al., 2009; Ronchail et al., 2002).
The lack of trend in both curves (reconstruction and ISBA-
TRIP model) suggests no net gain or loss in total water stor-
age over the Amazonian Basin between 1980 and 2008.
In Fig. 7, the grey zone represents uncertainty in TWSR.
This uncertainty is based on the sum of errors due to the
least-squares inversion (as presented in Sect. 4) and errors
of the in situ records. This latter error is estimated from a
bootstrap method for standard errors of the in situ water lev-
els for each month (significant at the 95% level). Actually,
the reconstruction method includes additional uncertainties.
For example, the scaling factor between in situ river level
and GRACE-based TWS may introduce some uncertainty.
Indeed, river level may be more closely tied to the surface
wetness condition than to groundwater (or TWS). Another
source of error possibly be due to precipitation events in up-
stream areas, may affect downstream water levels with some
time delay due to water transport. GRACE measurements
have also their own uncertainty. As a matter of fact, GRACE-
based TWS is not a point measurement (as it is the case for
river level) but represents an average over a much larger re-
gion (of about 300 km size). All these uncertainties will af-
fect the precision of the reconstruction but they are very dif-
ficult to estimate. They have been neglected here. Thus the
grey zone likely underestimates of the actual uncertainty.
6.2 Spatial patterns of TWSR
We have analysed the spatial patterns of the 2-D TWSR fields
over 1980–2008 and 1990–2008, through an EOF decompo-
sition approach. Results are shown in Fig. 8. The spatially
constant mode (EOF0, around 60% of the total variance for
each TWSR) which represents the interannual variability of
the mean TWSR over the Amazon Basin from 1980–2008 is
that shown in Figs. 6 and 7.
Figure 8 shows the first three EOF modes of the TWSR
fields over the two time spans (1990–2008 and 1980–2008).
Recall that the 1990–2008 reconstruction is based on a larger
set of in situ station than the 1980–2008 one (36 versus 23).
Looking at the spatial pattern maps and at the temporal
curves, we note quite good agreement between the two re-
constructions (1990–2008 and 1980–2008), as previously
noticed for the mean TWSR. On EOF1 (26% and 25% of
the total variance) temporal curve, we have superimposed
the Southern Oscillation Index (SOI; mean sea-level pressure
difference between Tahiti and Darwin), a proxy of ENSO.
Correlation between SOI and TWS mode 1 is high (r = 0.7
with a SL >99%). In the north-eastern region, including the
Negro sub-basin, and in the Madeira basin, where EOF1 ex-
hibits a strong positive anomaly in the spatial map, minima
in local TWS correspond to negative SOI (warm phase of
ENSO). In contrast, a negative correlation can be observed
locally between SOI and TWS mode 1 in the Tapajos and
the Xingu sub-basins. Studies have shown that precipitation
over the northeastern part of the Amazon Basin is largely
controlled by ENSO (Zeng, 1999; Marengo, 1992; Espinoza
et al., 2009). Thus, a positive correlation between mean TWS
and SOI is expected, as our result indeed shows.
Studies provided diagnostic evidence of ENSO low fre-
quency modulation (McCabe and Dettinger, 1999; Gutzler
et al., 2002), in particular by the Pacific Decadal Oscilla-
tion (PDO) (Mantua et al., 1997). The PDO index is de-
fined as the leading principal component of the North Pacific
monthly sea surface temperature variability. The PDO is a
long-lived El Nin˜o–like pattern of Pacific climate variability.
In the cool (warm) phases of PDO, the central and northwest
Pacific sea surface temperature (SST) is warm (cold) and the
SST at the coast of the North America is of cold (warm) SST.
In Fig. 8, is displayed the EOF2 temporal curve of TWS with
the PDO index superimposed. Correlation between PDO and
TWS EOF2 is significant (r = −0.5 with a SL >99%). In
the whole eastern Amazon Basin, where the spatial EOF2
mode shows a negative pattern, local TWSR temporal vari-
ability is negatively correlated to the PDO index, while in the
Negro and the Solimo˜es sub-basins a positive correlation is
observed.
The spatial pattern and temporal curve of the EOF3 in
Fig. 8 reflect the recurrent droughts that affect the centre of
the Amazon Basin, in particular the main river. These are
indicated by arrows on the temporal curve. The well publi-
cized 2005 drought is clearly visible. It has been reported to
be one of the most intense droughts of the past 100 years in
the Amazon Basin (Marengo et al., 2008; Zeng et al., 2008;
Chen et al., 2009), but the TWSR mode 3 seems to indicate
that the 1980 and 1998 droughts had even stronger impact in
terms of basin total water storage depletion. Drought events
in 1983 and 1998 occurred during El Nin˜o years, unlike in
1980, 1992, 1995 and 2005.
7 Conclusions
The present study has established for the first time direct,
observation-based, estimate of TWS spatiotemporal variabil-
ity over the Amazon Basin for the past ∼3 decades. It is only
based on TWS observations from GRACE and (re-scaled) in
situ water levels. TWSR appears able to depict interannual
to multidecadal variability in water storage and associated
spatial patterns. Such an approach is complementary to tra-
ditional methods, e.g., moisture convergence method (Zeng,
1999; Masuda et al., 2001) or PER method, where the key in-
put variables are observed precipitation P and runoff R and
estimated evaporation ET. In these methods, the authors ap-
ply the basin water budget equation to diagnose the long-term
variability of total TWS (Zeng et al., 2008).
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Fig. 8. EOF analysis of TWSR. The left panel shows the EOF analysis for the TWSR over 1990–2008. The locations of the 36 in situ
stations used for the reconstruction are indicated by black dots. The right panel shows the EOF analysis for the TWSR over 1980–2008. The
locations of the 23 in situ stations used for the reconstruction are indicated by black dots. The middle panel shows the EOFs’ time series
computed on the TWSR over 1990–2008 in red line and in black line over 1980–2008, and superimposed (a)the scaled SOI index (dash line)
and the El Nin˜o events (arrows), (b) the inverse scaled PDO index (dash line) and (c) the drought events (arrows). We filter out the high
frequencies (>1 yr−1) using a simple 12-month running mean.
The observed timing and regional distribution of the
TWSR over the Amazonian Basin during ∼30 years shows
no long-term trend and confirms the dominant influence of
ENSO and PDO. In addition, recurrent drought events af-
fecting the centre of the basin are also well reproduced. The
approach developed in this study offers interesting perspec-
tive for improving our knowledge of past TWS in many river
basins over the world where climate variability is the main
driver of TWS change. However, it will be less easily ap-
plicable in river basins which have been strongly affected by
anthropogenic forcing over the GRACE period, such as in
northern India. Indeed, in these basins, GRACE measure-
ment may be impacted by the recent ground water mining
used for crop irrigation (Rodell et al., 2009; Tiwari et al.,
2009). Thus GRACE EOFs will exhibit the spatial signature
of this recent anthropogenic forcing and will be inappropri-
ate to reconstruct past TWS variability in such regions. Some
caution should then be highlighted in order that imprint of
such events in GRACE data be not erroneously extrapolated
backward in time.
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2.2 Durant les dernie`res de´cennies : depuis 1950
2.2.3 Re´sultats des reconstructions et discussion
En re´sume´, les reconstructions du niveau de la mer sont une alternative aux mode`les
d’oce´an force´s et aux re´analyses pour estimer le niveau de la mer en 2 dimensions sur les
dernie`res de´cennies (depuis 1950).
En ce qui concerne le niveau de la mer global depuis 1950, les diffe´rentes reconstructions
donnent des re´sultats similaires en terme de tendance avec une estimation de l’augmen-
tation du niveau de la mer a` 1.8 ± 0.2 mm.a-1 entre 1950 et 2009 (voir Fig. 2.8). Ceci
est en accord avec les e´tudes base´es sur les mare´graphes seulement (voir section 1.2.1). En
revanche, elles pre´sentent des diffe´rences dans la variabilite´ inter-annuelle du niveau moyen
global de la mer comme cela est illustre´ sur la Fig. 2.8.
Figure 2.8 – Niveau global de la mer estime´ par des reconstructions base´es sur DRAKKAR
(courbe noire), sur SODA (courbe bleue) et sur l’altime´trie (courbe rouge). La region ombre´e
est l’incertitude associe´e a` la reconstrucion base´e sur l’altime´trie. La tendance sur la periode
1950-2009 est de 1.8 mm.a-1. Figure adapte´e de Meyssignac et al. [2012].
En variabilite´ re´gionale sur la pe´riode 1950-2009, les reconstructions s’accordent pour
montrer des structures spatiales tre`s diffe´rentes de celles observe´es par altime´trie entre 1993
et 2009, avec des amplitudes 3 a` 4 fois plus faibles sur les tendances (voir Fig. 2.9a). Ceci
confirme les re´sultats obtenus avec les mode`les d’oce´an force´s et les re´analyses (voir section
2.2.1). Nous en de´duisons que les tendances spatiales observe´es aujourd’hui par l’altime´trie
(Fig. 1.12) ne sont probablement pas stationnaires mais changent avec le temps et l’es-
pace (voir la question scientifique n˚ 8 de la section 1.5 et le chapitre 4 ). En re´gional, aux
moyennes et hautes latitudes, les reconstructions pre´sentent des diffe´rences significatives
entre elles. Elles diffe`rent aussi re´gionalement des mode`les d’oce´an force´s et des re´analyses
sur la majorite´ du globe. Ceci montre que l’incertitude sur la variabilite´ re´gionale des
tendances du niveau de la mer des 60 dernie`res anne´es reste encore grande. Sur la base
des reconstructions uniquement, on peut estimer cette incertitude a` environ ±2.5 mm.a-1
en tendance (voir Fig. 2.9b). Elle est plus forte encore dans les re´gions de forte variabilite´
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comme dans les courants de bord Ouest. In fine, seule la comparaison avec des mare´graphes
(non-utilise´s dans les reconstructions) peut de´terminer localement la fiabilite´ d’une recon-
struction car c’est l’unique source de mesure directe du niveau de la mer avant 1993.
Figure 2.9 – a) Variabilite´ re´gionale du niveau de la mer entre 1950 et 2009. Estimation par
la reconstruction moyenne de trois reconstructions base´es sur DRAKKAR, SODA et l’altime´trie.
La tendance uniforme de 1.8 mm.a-1 a e´te´ retire´e. b) Incertitude sur la variabilite´ re´gionale du
niveau de la mer entre 1950 et 2009. Estimation par e´cart type entre les trois reconstructions
base´es sur DRAKKAR, SODA et l’altime´trie. Figure adapte´e de Meyssignac et al. [2012]
Lorsque l’on cherche a` estimer la variabilite´ re´gionale du niveau de la mer sur les
dernie`res de´cennies, chacune des deux approches (mode`les d’oce´an ou reconstructions)
pre´sente des avantages et des inconve´nients. Les reconstructions ont l’avantage de faire
intervenir directement des mesures mare´graphiques dans leur processus d’estimation du
niveau de la mer. Ceci permet, en principe, de reconstruire la variabilite´ re´gionale totale
du niveau de la mer et non sa seule composante ste´rique comme c’est le cas pour les
mode`les d’oce´an. De plus cela garantit en ge´ne´ral que les reconstructions donnent des
re´sultats cohe´rents avec les mesures mare´graphiques au voisinnage des mare´graphes. En
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revanche, contrairement aux mode`les, les reconstructions ne permettent pas de se´parer les
roˆles respectifs de la tempe´rature et de la salinite´ dans la variabilite´ re´gionale du niveau
de la mer.
Le fait d’avoir maintenant 2 approches diffe´rentes pour estimer la variabilite´ re´gionale
du niveau de la mer dans le passe´ est un avantage en soi : en les comparant on peut obtenir
des informations sur les composantes du niveau de la mer re´gional. Parmi les diffe´rentes
reconstructions pre´sente´es plus haut, les reconstructions qui utilisent les EOFs de l’al-
time´trie sont particulie`rement inte´ressantes car elles n’utilisent que des donne´es (altime´trie
+ mare´graphes) pour estimer le niveau de la mer. En ce sens, elle produisent une sorte
d’ ”observation” de la variabilite´ re´gionale du niveau de la mer sur les dernie`res de´cennies
qui est totalement inde´pendante des mode`les d’oce´an. L’inter-comparaison de ces quasi-
observations avec les mode`les peut apporter de nombreuses informations sur les processus
qui dominent la variabilite´ re´gionale du niveau de la mer aux e´chelles inter-annuelles a`
multi-de´cennales. Les autres reconstructions qui utilisent les EOFs de mode`les pre´sentent
aussi un inte´reˆt particulier. Quand on fait la diffe´rence avec les sorties du mode`le utilise´
dans la reconstruction, on obtient un signal re´siduel qui montre l’information apporte´e par
les mare´graphes en sus de celle du mode`le, dans la variabilite´ re´gionale du niveau de la
mer reconstruite. Cette information est en principe repre´sentative du signal non-ste´rique
de l’oce´an (e.g. masse de l’oce´an) qui n’est pas simule´ dans les mode`les mais qui se trouve
dans les enregistrements mare´graphiques. Elle peut donc fournir des informations sur les
variations re´gionales inter-annuelles et multi-de´cennales de la masse de l’oce´an. Cependant,
pour cela, il faut encore attendre que les mode`les d’oce´an et les reconstructions atteignent
des pre´cisions plus grandes.
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Chapitre 3
Le niveau de la mer dans trois
re´gions vulne´rables durant les
dernie`res de´cennies
Dans la deuxie`me partie de cette the`se, nous nous sommes inte´resse´s aux questions
scientifiques du groupe (d) (voir section 1.5) qui portent sur les impacts de la monte´e du
niveau de la mer dans les re´gions coˆtie`res. L’augmentation du niveau de la mer est l’un
des proble`mes majeurs pose´s par le re´chauffement climatique global car elle menace les
re´gions coˆtie`res et les populations qui y habitent. Les conse´quences de la monte´e du niveau
de la mer sur le littoral sont bien connues (Nicholls et al. [2007]). De manie`re imme´diate,
cela se traduit par la submersion des terres basses, des inondations plus fre´quentes et plus
fortes sur les coˆtes et la salinisation des eaux de surface. A plus long terme, lorsque le
littoral s’ajuste aux nouvelles conditions oce´aniques, on observe une e´rosion acce´le´re´e des
coˆtes et des intrusions d’eau de mer dans les aquife`res. Les e´cosyste`mes tels que les marais
maritimes et les mangroves de´clinent si les apports se´dimentaux ne compensent pas la
monte´e de l’eau (Nicholls et al. [2007]). Tous ces e´le´ments se traduisent par des pertes
socio-e´conomiques directes et indirectes conside´rables (Nicholls [2010]).
Pour estimer ces impacts de la monte´e du niveau de la mer, il est ne´cessaire de connaitre
pre´cise´ment pour chaque re´gion l’augmentation du niveau de la mer relatif, c’est a` dire du
niveau de la mer par rapport a` la coˆte (enjeu de la question scientifique n˚ 28). Le niveau
de la mer relatif contient 2 termes. C’est la somme du niveau de la mer local induit par les
variations climatiques (cette composante e´tant elle-meˆme constitue´e de 2 composantes : la
hausse moyenne globale du niveau de la mer plus la variabilite´ re´gionale) et du mouvement
vertical de la coˆte.
Graˆce aux reconstructions de´veloppe´es dans la premie`re partie de cette the`se, nous
avons une estimation du premier terme sur plus de 50 ans avec une fine re´solution spatiale.
En revanche, tre`s peu d’information sont disponibles sur le second terme. Les mouvements
de la coˆte suivent les mouvements de la crouˆte terrestre locale. Ils ont pour origine soit
des processus ge´ologiques locaux (tels que la compaction se´dimentaire, le GIA, l’activite´
tectonique, etc) soit les activite´s anthropiques (subsidence du sol suite au pompage de
l’eau et des hydrocarbures souterrains, drainage des re´gions deltaiques, etc ). Les mode`les
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de GIA donnent sur tout le globe des estimations du mouvement vertical de la crouˆte induit
par la dernie`re de´glaciation (voir Fig. 1.20) mais on ne dispose pas d’estimation globale
des mouvements de la crouˆte induits par les autres effets. Localement, sur les sites e´quipe´s
de balises GPS, on peut obtenir une mesure du mouvement vertical local total.
Dans cette deuxie`me partie de ma the`se nous nous sommes focalise´s sur 3 re´gions iden-
tifie´es comme sensibes au re´chauffement global : le Pacifique tropical, la mer Me´diterranne´e
et l’oce´an Arctique. Pour chaque re´gion nous avons e´value´ les tendances du niveau de la
mer total (hausse moyenne globale plus variabilite´ re´gionale) sur les dernie`res de´cennies
pour tenter de re´pondre a` la question scientifique n˚ 28 (qui porte sur l’estimation des vari-
ations du niveau de la mer relatif). La` ou` nous avons trouve´ des mesures GPS, nous avons
aussi estime´ le mouvement local de la crouˆte terrestre afin de fournir une estimation des
variations du niveau de la mer relatif total sur les 60 dernie`res anne´es dans les re´gions
coˆtie`res et permettre ainsi l’e´tude des impacts de la hausse du niveau de la mer qui est
l’enjeu des questions scientifiques n˚ 29 et 30.
3.1 Le Pacifique Tropical
Les ıˆles du Pacifique sont pArcticulie`rement vulne´rables a` la monte´e du niveau de la
mer car elles pre´sentent souvent une densite´ de population forte et une tre`s faible e´le´vation
au dessus du niveau de la mer. Par exemple Funafuti, un atoll des Tuvalus a une densite´
de population de 1870 hab.km-2 et s’e´le`ve seulement entre 0 et 5m au dessus du niveau
de la mer. De plus ces ıˆles sont souvent sujettes a des mouvements de subsidence de
la crouˆte duˆs a` l’activite´ tectonique locale (isostasie thermique de la crouˆte oce´anique par
exemple, Pirazzoli [1995]) ou a` l’activite´ anthropique (pompage de l’eau douce souterraine,
urbanisation, etc, Webb and Kench [2010]). Ces facteurs combine´s entre eux font de cette
re´gion l’une des plus expose´es aux risques associe´s a` la monte´e du niveau de la mer (Nicholls
and Cazenave [2010]). A propos des ıˆles Tuvalu, le 4e`me rapport du GIEC pre´cise qu’elles
sont menace´es de submersions significatives voire de disparition totale au cours du XXIe`me
sie`cle (Mimura et al. [2007]).
Sur la pe´riode altime´trique on observe une forte augmentation du niveau de la mer dans
l’Ouest du Pacifique (voir Fig. 3.1). En tendance, sur la pe´riode 1993-2010, le niveau de la
mer y a augmente´ a` un rythme de 9 a` 14 mm.a-1, i.e. 3 a` 4 fois plus vite que la moyenne
globale sur la meˆme pe´riode (voir Fig.1.12a). C’est l’augmentation la plus forte observe´e
dans le monde par l’altime´trie. Elle a e´te´ attribue´e a` une augmentation de l’intensite´ des
vents d’Est sur la re´gion au cours des anne´es 1990 (Timmermann et al. [2010]; Merrifield
and Maltrud [2011]).
Cependant, avec seulement 18 ans d’altime´trie, il est difficile de savoir si cette aug-
mentation est repre´sentative des variations du niveau de la mer au cours des 60 dernie`res
anne´es car dans l’oce´an Pacifique tropical ces variations sont loin d’eˆtre line´aires. Elles
pre´sentent une tre`s forte variabilite´ inter-annuelle (environ ±20 cm dans l’Ouest du Paci-
fique) avec une pe´riodicite´ de 2 a` 6 ans lie´e a` l’oscillation ENSO et aussi une forte variabilite´
multi-de´cennale entre -10˚ N et +10˚ N comme le montre les mare´graphes, l’altime´trie et les
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Figure 3.1 – Tendances du niveau de la mer mesure´es par altime´trie dans le Pacifique Ouest
entre 1993 et 2009. Les re´gions hachure´es indiquent les zones pour lesquelle la courbe du niveau
de la mer local diffe`re significativement d’une droite (pvalue > 0.1). Figure adapte´e de Becker et
al. [2011].
mode`les (Church et al. [2006]; Merrifield [2011]). Nous avons donc propose´ d’analyser les
variations du niveau de la mer dans cette re´gion avec les reconstructions pre´sente´es plus
haut dans l’Arcticle intitule´ :”Sea level variations at tropical Pacifique islands since 1950”
Re´sume´ de l’Arcticle : ”Sea level variations at tropical Pacifique islands
since 1950” (l’Arcticle original est inse´re´ a` la fin de cette section 3.1).
Dans cette Arcticle, nous analysons la variabilite´ re´gionale du niveau de la mer d’origine
climatique dans l’Ouest du Pacifique ainsi que le mouvement de la crouˆte terrestre sur 12
ıˆles e´quipe´es de GPS pour estimer localement la monte´e du niveau de la mer relative sur la
pe´riode 1950-2009. La variabilite´ re´gionale du niveau de la mer est estime´e a` partir de la re-
construction base´e sur le mode`le DRAKKAR/NEMO de´veloppe´e dans l’e´tude Meyssignac
et al. [2012]. Le mouvement vertical de la crouˆte est estime´e a` partir des solutions GPS de
Santamaria-Gomez et al. [2011],de Fadil et al. [2011] et du service GPS international (IGS).
Dans un premier temps nous ve´rifions que la reconstruction repre´sente bien les variations
spatio-temporelles du niveau de la mer dans la re´gion, en comparant avec l’altime´trie sur
la pe´riode 1993-2009 et avec 20 enregistrements mare´graphiques non-utilise´s dans la recon-
struction, sur la pe´riode 1950-2009. La reconstruction montre que le niveau de la mer en
moyenne sur l’Ouest du Pacifique (20˚ S-15˚ N par 120˚ E-135˚ W) a augmente´ a` la vitesse de
1.8 ± 0.5 mm.a-1 depuis 1950 en accord avec la moyenne globale. La variabilite´ re´gionale
est forte dans la re´gion, en pArcticulier autour des ıˆles Tuvalus, avec des tendances qui at-
teignent 4 mm.a-1 sur la pe´riode 1950-2009. Les variations spatio-temporelles du niveau de
la mer s’expliquent par les variations spatio-temporelles de l’expansion thermique et sont
fortement lie´es a` l’oscillation ENSO. A l’e´chelle inter-annuelle, la signature des e´ve`nements
El Nin˜o/La Nin˜a est tre`s forte de l’ordre de 20 a` 30cm. On observe aussi une forte vari-
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abilite´ multi-de´cennale avec moins d’amplitude dans le signal re´gional du niveau de la mer
avant 1970 et apre`s 2002 et plus d’amplitude entre ces 2 dates. Ceci confirme les re´sultats
de Church et al. [2006] pour la pe´riode avant 1970. Pour la pe´riode apre`s 2002, la baisse
d’amplitude observe´e est lie´e a` l’occurence de El Nin˜o/La Nin˜a modoki (Ashok et al. [2007])
plutoˆt que de El Nin˜o/La Nin˜a classiques (Behera and Yamagata [2010]). Ceci sugge`re que
la variabilite´ multi-de´cennale observe´e dans le niveau de la mer a` l’Ouest du Pacifique
s’expliquerait par des variations dans la nature des e´ve`nements El Nin˜o/La Nin˜a plutoˆt
que dans leur amplitude. L’analyse des se´ries GPS nous a permis d’estimer de manie`re
fiable le mouvement vertical local de la crouˆte pour 9 ıˆles de la re´gion : Guam, Pohnpei,
Roratonga, Nauru, Funafuti, Pago Pago, Papeete, Noumea et Tarawa. Pour chacune de
ces ıˆles, le mouvement vertical n’est pas ne´gligeable en comparaison avec la monte´e locale
du niveau de la mer. Ceci montre que lorsqu’on estime le niveau de la mer relatif, il est
essentiel de prendre en compte a` la fois les facteurs climatiques qui influencent le niveau
de la mer et les autres facteurs qui influencent les mouvements de la crouˆte. Pour Guam,
Pohnpei et Roratonga, nous trouvons une monte´e du niveau de la mer relatif en accord
(avec les barres d’erreur) avec la monte´e du niveau de la mer global (1.8 mm.a-1). En
revanche, pour Nauru, Funafuti, Pago Pago, Papeete, Noumea et Tarawa elle est significa-
tivement supe´rieure. Pour Funafuti elle est pArcticulie`rement forte et s’e´le`ve a` 5 mm.a-1
sur la pe´riode 1950-2009 confirmant les inquie´tudes de la population locale. Il est a` noter
que plus de 15% de cette e´le´vation est duˆe a` la subsidence locale de l’ˆıle dont l’origine est
en partie l’activite´ anthropique (voir Webb and Kench [2010]).
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The western tropical Pacific is usually considered as one of the most vulnerable regions of the world under
present-day and future global warming. It is often reported that some islands of the region already suffer sig-
nificant sea level rise. To clarify the latter concern, in the present study we estimate sea level rise and vari-
ability since 1950 in the western tropical Pacific region (20°S–15°N; 120°E–135°W). We estimate the total
rate of sea level change at selected individual islands, as a result of climate variability and change, plus ver-
tical ground motion where available. For that purpose, we reconstruct a global sea level field from 1950 to
2009, combining long (over 1950–2009) good quality tide gauge records with 50-year-long (1958–2007)
gridded sea surface heights from the Ocean General Circulation Model DRAKKAR. The results confirm that
El Niño-Southern Oscillation (ENSO) events have a strong modulating effect on the interannual sea level vari-
ability of the western tropical Pacific, with lower/higher-than-average sea level during El Niño/La Niña
events, of the order of ±20–30 cm. Besides this sub-decadal ENSO signature, sea level of the studied region
also shows low-frequency (multi decadal) variability which superimposes to, thus in some areas amplifies
current global mean sea level rise due to ocean warming and land ice loss. We use GPS precise positioning
records whenever possible to estimate the vertical ground motion component that is locally superimposed
to the climate-related sea level components. Superposition of global mean sea level rise, low-frequency re-
gional variability and vertical ground motion shows that some islands of the region suffered significant
‘total’ sea level rise (i.e., that felt by the population) during the past 60 years. This is especially the case for
the Funafuti Island (Tuvalu) where the “total” rate of rise is found to be about 3 times larger than the global
mean sea level rise over 1950–2009.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Sea level rise is a major consequence of global warming, which
threatens many low-lying, highly populated coastal regions of the
world. The western tropical Pacific Island Region (hereafter called
PIR), defined here as the area located between 20°S and 15°N latitude,
and 120°E and 135°W longitude, is usually considered as one of the
most vulnerable world regions under future sea level rise (Nicholls
and Cazenave, 2010). This region is indeed characterized by volcanic
archipelagos composed of low-lying islands and atolls where climate-
related sea level rise may amplify other stresses caused by natural phe-
nomena (e.g., vertical ground motions due to tectonics and volcanism,
aswell as occurrence of extreme events like storm surges) or human ac-
tivities (e.g., ground subsidence due to ground water and/or oil extrac-
tion, urbanization, etc.) (Nicholls et al., 2007). In many cases (e.g., the
Tuvalu and Kiribati island chains), much of the land altitude above pre-
sent mean sea level rarely exceeds 5 m. The combination of low
elevation, small island size, sensitivity to change in boundary conditions
(coastal sea level, waves and currents) and in some cases, high popula-
tion density, is a matter of concern, as there is little doubt that sea level
will continue to rise in the future (IPCC, 2007). Regularly, the media
highlight the case of tropical island inhabitants, referring them as the
first climatic refugees of current global warming. For example, in the
Tuvalu islands, it is common to hear that people already see the impacts
of sea level rise (Nicholls et al., 2007) and that the situation will worsen
in the future.
Tide gauge observations indicate that global mean sea level rose at
an average rate of ~1.7 mm/yr since 1950 (Church and White, 2006;
Jevrejeva et al., 2006; Holgate, 2007). Satellite altimetry reports faster
global mean sea level rise since 1993, of 3.3+/−0.4 mm/yr (Leuliette
et al., 2004; Nerem et al., 2006, 2010; Ablain et al., 2009). However,
sea level rise is far from being spatially uniform. Global coverage of
satellite altimetry data shows that in the western tropical Pacific re-
gion, sea level rose at a rate up to 3–4 times larger than the global
mean between 1993 and 2010 (Cazenave and Llovel, 2010; Nerem
et al., 2010). Unfortunately, the satellite altimetry record is still too
short to conclude that the PIR also displays on the long-term (e.g.,
since 1950), rates of sea level rise several times higher than the global
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mean. In addition, in situ tide gauge measurements (Wyrtki, 1985;
Mitchum and Lukas, 1990), satellite altimetry (Merrifield et al., 1999),
and modeling results (Busalacchi and Cane, 1985) have shown that
the El Niño-Southern Oscillation (ENSO) phenomenon has strong
impact on the interannual variability of sea level in that region. In the
PIR, El Niño/La Nina events correspond to sea level lows/highs of ~20–
30 cm compared to normal conditions.
In the present study, we estimate sea level change and variability
in the PIR since 1950. We then assess the total rate of change at se-
lected PIR islands, as a result of the climatic signal (uniform-global
mean-sea level rise plus regional variability) and vertical ground mo-
tion. The objective of this work is indeed to determine the amount of
“total” sea level change effectively felt by the populations over the
last~60 years. For that purpose, we developed a past sea level recon-
struction from 1950 to 2009 (this is an update of an earlier work by
Llovel et al., 2009, with a few methodological improvements — see
Section 2.3). The reconstruction method combines nearly one hun-
dred, long (1950–2009) good quality tide gauge records with 50-
year-long (1958–2007) gridded sea surface height fields from an
Ocean General Circulation Model (OGCM), the DRAKKARmodel with-
out data assimilation (Barnier et al., 2006; Madec, 2008; Dussin et al.,
2009). Sea level is reconstructed globally over a 60-year long time
span (1950–2009) (Meyssignac et al., 2011), but here we focus on
the PIR and analyze the reconstructed regional variability superim-
posed to the uniform global mean sea level rise. The reconstructed
sea level is compared to 27 tide gauge records available at PIR island
sites equipped with tide gauges (in general, these tide gauge records
do not cover the whole 60 years, and just a few of them, 7 out of 27,
were used in the global sea level reconstruction). When possible,
we also estimate vertical crustal motions deduced from GPS (Global
Positioning System) solutions. This allow us to estimate the “total”
sea level rise felt locally at a few PIR islands, i.e., the climatic compo-
nents (global mean rise plus regional variability) and ground motion.
We focus on Funafuti (Tuvalu Islands) because it is there that the
largest total sea level rise is observed over the 1950–2009 time span.
The paper is organized as follows. In Section 2 we describe the
data sets used in this study and present the past sea level reconstruc-
tion. In Section 3, we analyze sea level spatial patterns in the PIR over
1950–2009 (the 60-year long reconstruction). In Section 4, we ana-
lyze three distinct sub-regions under ENSO influence and compare
tide gauge-based, reconstruction-based and satellite altimetry-based
sea level variations. We present the main results and address the
question “how past and recent sea level changes have locally affected
the PIR?”. In Section 5, we determine the “total” sea level trend due to
the climatic component (uniform global mean rise plus regional var-
iability), and vertical ground motion using GPS solutions. Section 6
summarizes our main results and conclusions.
2. Data
2.1. Satellite altimetry
For the altimetry data, we use the DT-MSLA “Ref” series provided
by Collecte Localisation Satellite (CLS; http://www.aviso.oceanobs.
com/en/data/products/sea-surface-height-products/global/msla/index.
html). This data set is used over the time span from January 1993 to
December 2009. It is available as 1/4°×1/4° Mercator projection grids
at weekly interval. The DT-MSLA “Ref” series are based on the combi-
nation of several altimetry missions, namely: Topex/Poseidon (T/P),
Jason-1 and 2, Envisat and ERS 1 and 2. It is a global homogenous
inter-calibrated data set based on a global crossover adjustment using
T/P and then Jason-1 as reference missions. Moreover, the use of recent
orbit solutions for Jason-1 and T/P (GSFC—Goddard Space Flight Cen-
ter-orbit computedwith the ITRF2005 terrestrial reference frame; Alta-
mimi et al., 2007) allows to remove previous heterogeneity between
global hemispheric mean sea level trends (Ablain et al., 2009). ERS
satellite orbits are also improved using the approach developed by Le
Traon et al. (1998) and Ducet et al. (2000). Usual geophysical correc-
tions are applied: solid Earth, ocean and pole tides, wet and dry tropo-
sphere, ionosphere (see Ablain et al., 2009 for more details) and
inverted barometer (Carrere and Lyard, 2003; Volkov et al., 2007).
2.2. Tide gauges
We use monthly mean sea level data from 27 tide gauge stations
(listed in Table 1) included in the Revised Local Reference data set
of the Permanent Service for Mean Sea Level (PSMSL; Woodworth
and Player, 2003, http://www.pol.ac.uk/psmsl). We consider only
tide gauges that have at least 30 years of data between 1950 and
2009. Note that only tide gauge records covering the whole studied
period, 1950–2009, were considered to perform the global sea level
reconstruction (see Section 2.3). Where necessary, the PSMSL records
were extended through 2009 using fast delivery data from the
University of Hawaii Sea Level Center (UHSLC; http://ilikai.soest.
hawaii.edu/uhslc). At 12 sites (Saipan, Yap, Pohnpei, Majuro, Kanton,
Tarawa, Rabaul, Funafuti, Kapingamarangi, Christmas, Rikitea and
Rarotonga), recent data are lacking in both PSMSL and UHSLC. Thus
we completed the tide gauge time series using altimetry data beyond
1993. For that purpose, we interpolated the gridded altimetry data in
a radius of 1° around the tide gauge position. Then the missing tide
gauge data were replaced by the interpolated altimetry data. This
was done only at sites with at least 5-year overlap and a correlation
≥0.9 between the tide gauge and altimetry time series. This 5-year
overlap is deduced from the Bonett's formula (Bonett and Wright,
2000) and is based on a desired Pearson's correlation coefficient of
0.9±0.1, with 95% level of confidence (for more details on the meth-
od, see Bonett and Wright, 2000).
Tide gauge location (latitude, longitude) and data length are listed
in Table 1. We corrected the tide gauge time series for the inverted
barometer response of sea level to atmospheric loading using surface
pressure fields from the National Centers for Environmental Predic-
tion (NCEP) (Kalnay et al., 1996) (data available at http://www.
ncep.noaa.gov/). Tide gauge data were also corrected for the Glacial
Isostatic Adjustment — GIA — effect using the ICE5G-VM4 model
from Peltier (2004). The GIA correction is small in the PIR and ranges
between −0.1 mm/yr and −0.3 mm/yr. Thus using this particular
GIA model versus another has little impact of the sea level results.
For a number of reasons (changes in instrumentation, earthquakes
or other natural of anthropogenic factors; see Becker et al., 2009),
gaps and discontinuities may affect the tide-gauge time series.
When small gaps (≤4 consecutive years) are observed in the tide-
gauge record, we reintroduce missing data by linearly interpolating
the time series. Outliers were detected using the Rosner's test
(Rosner, 1975) and removed. Annual and semi-annual cycles were re-
moved through a least-squares fit of 12-month and 6-month period
sinusoids. In a last step, to be consistent with the time resolution of
the sea level reconstruction (see Section 2.3), we averaged monthly
tide gauge time series to obtain annual averages.
2.3. Past sea level reconstruction
Several previous studies have attempted to reconstruct past de-
cade sea level in two dimensions (2-D), combining sparse but long
tide gauge records with global gridded (i.e., 2-D) sea level (or sea
level proxies) time series of limited temporal coverage (Smith,
2000; Chambers et al., 2002; Church et al., 2004; Berge-Nguyen et
al., 2008; Llovel et al., 2009; Ray and Douglas, 2010; Church and
White, 2011). Satellite altimetry available since 1993 has shown
that sea level is not rising uniformly. But altimetry-based spatial
trend patterns essentially reflect decadal variability rather than low-
frequency trends because the altimetry record is still short. Thus on
longer time spans, regional sea level trends are expected to be
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different (see, for example, Bindoff et al., 2007). Numerical ocean
models and ocean reanalyses have been developed in the recent
years and eventually could be used to study past regional variability
in sea level. While the models agree rather well with each other
over the altimetry era (since 1993), they may diverge prior to that pe-
riod because of lesser quality of the meteorological forcing in the past.
Moreover, they are not available before the late 1950s/early 1960s. Fi-
nally, ‘true’ regional sea level contains other signal than that simulat-
ed by ocean models (among others, the global mean sea level rise
signal to which the regional variability is superimposed, in general
not provided by the ocean models, and GIA-related regional variabil-
ity). These are the main arguments for developing 2-D sea level re-
constructions which combine several types of information.
We previously developed such a method (Berge-Nguyen et al.,
2008; Llovel et al., 2009) and here use an updated version (Meyssignac
et al., 2011) of these earlier works. Let us briefly describe themethod. It
is based on the reduced optimal interpolation described by Kaplan et al.
(2000). It consists of combining long tide gauge records with a time-
varying linear combination of EOF-based (Empirical Orthogonal
Functions; Preisendorfer, 1988; Toumazou and Cretaux, 2001) spatial
patterns derived from 2-D sea level grids (in general of shorter duration
than the tide gauge records). These sea level grids are based on either
satellite altimetry or outputs from an OGCM. The method has 2 steps.
In the first step, an EOF decomposition of the sea level grids is per-
formed over their time span of availability. This decomposition allows
separating the spatially well resolved signal of the gridded data into
spatial modes (EOFs) and associated temporal amplitudes. The second
step consists of computing new temporal amplitudes of the EOFs over
the longer period covered by the selected tide gauge records. This is
done through a least-squares optimal procedure thatminimizes the dif-
ference between the reconstructed fields and the tide gauge records at
the tide gauge locations. In Llovel et al. (2009), the 2-D sea level grids
were based on 44-yr long outputs of the OPA/NEMO ocean model. The
option of using OGCM outputs rather than satellite altimetry grids (as
in Church et al., 2004 and Church and White, 2011) was dictated by the
fact that spatial sea level patterns observed during the relatively short
altimetry time span are likely not stationary in time but fluctuate at fre-
quencies related to the internalmodes of variability of the climate system
(e.g., ENSO, NAO—North Atlantic Oscillation, PDO—Pacific Decadal Oscil-
lation) (e.g., Bindoff et al., 2007). Thus, as shown in Berge-Nguyen et al.
(2008) and Llovel et al. (2009), to correctly capture the decadal/multide-
cadal variability of the spatial patterns, it is preferable to use sea level
grids of longer duration than available from satellite altimetry (see Llovel
et al., 2009). Here, we refine Llovel et al.'s (2009) reconstruction, with 3
major improvements: (1) As in Church et al. (2004), Christiansen et al.
(2010) and Church and White (2011), we account for a covariance ma-
trix of data errors and perform a specific treatment for the so-called
EOF0 (the global mean sea level component); this significantly improves
the quality of the sea level reconstruction; (2) we update the tide gauge
data set of Llovel et al. (2009) in order to reconstruct sea level up to 2009
(instead of 2003); the new reconstruction thus provides global 2-D sea
level grids from January 1950 to December 2009; (3) instead of using
the OPA/NEMOOGCMof 2° resolution only, we nowuse a higher-resolu-
tion (1/4°) OGCM: the ORCA025-B83 run over 1958–2007 of the DRAK-
KAR/NEMO model (Barnier et al., 2006; Madec, 2008; Dussin et al.,
2009). This is a purely physical version of themodel that does not assim-
ilate any observational data. The ORCA025-B83 run uses the DFS4.1 at-
mospheric forcing (Brodeau et al., 2010). Penduff et al. (2010) showed
that ocean models with higher resolution bring substantial improve-
ments in their representation of the sea level spatial variability, in partic-
ular at interannual time scales. We use 91 long tide gauge records from
the PSMSL for the reconstruction. One problem with tide gauge records
is that measurements are made in local datum that varies from one site
to another. By working with derivatives, this problem can be overcome.
Here we choose a different approach consisting of subtracting from
each sea level record a mean value computed over the 1950–2009 time
span (note that most of the 91 tide gauge records are almost complete
over this 60-yr long time span; when gaps are observed, we linearly in-
terpolate the missing data). The tide gauge data are corrected for the
inverted barometer and GIA as explained in Section 2.2. Annual and
semi-annual cycles are also removed and yearly-averages are computed.
Fig. 1 shows the distribution of the 91 tide gauge sites superimposed on a
Fig. 1. Location map of the 91 tide gauges (stars) used in the global sea level reconstruction. The background map shows the sea level trends over 1950–2009 from DRAKKAR-based
reconstruction of sea level (uniform trend of 1.8 mm/yr included).
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global map of reconstructed sea level trends over 1950–2009. The recon-
structed trends shown in Fig. 1 include the uniform globalmean sea level
trend (deduced from the reconstruction and equal to 1.8±0.5 mm/yr)
plus the regional trends.
As previously done in Llovel et al. (2009), this new reconstruction
was validated at global scale by comparison with independent tide
gauges not used in the reconstruction process. For this validation,
we perform 91 new reconstructions leaving out successively each
one of the 91 tide gauge records (thus each of these new 91 recon-
structions now uses a set of 90 tide gauges). For each ignored tide
gauge, we compare the reconstructed sea level time series at the
tide gauge site with the observed data. 70% of the reconstructed sea
level time series present a correlation coefficient with the observed
sea level N0.8 (95% confidence level) (28% have a correlation between
0.5 and 0.7). This is a better score than in Llovel et al. (2009). We
computed the root mean squared (rms) differences between
(detrended) reconstructed sea level and observed sea level time se-
ries. 75% of the rms differences between detrended tide gauge-
based and reconstructed sea level time series are below 30 mm (com-
pared to only 60% in Llovel et al., 2009), again indicating significant
improvement compared to the previous reconstruction.
Locally, we estimate the uncertainty of reconstructed sea level
trends over the 1950–2009 time span on the order of 0.5 mm/yr.
This uncertainty is based on the sum of errors due to the least-squares
method and errors of the tide gauge records. This latter error is esti-
mated from a bootstrap method (Efron and Tibshirani, 1993) for stan-
dard errors of the tide gauge records for each year (significant at the
95% level).
Another way to check the validity of the new reconstruction is to look
at reconstructed sea level trends over the altimetry period (here 1993–
Fig. 2. (a) Altimetry-based sea level trend patterns in the PIR over 1993–2009 on which are superimposed the 27 tide gauges used in this study. (b) Reconstructed sea level trend
patterns in the PIR over 1993–2009. Stars correspond to the 7 tide gauges used in the global reconstruction. The hatched areas correspond to non-significant trends (p-valueN0.1).
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2009) and compare with altimetry data for which we trust the spatial
trend patterns. This is illustrated in Fig. 2a and b which presents altime-
try-based and reconstructed sea level trend patterns over the study area
(PIR) for 1993–2009 (the 27 tide gauge sites of the studied region are
also shown on these maps). Visual inspection indicates that the two
maps agree well. The altimetry trend map shows slightly higher ampli-
tude than the reconstruction at some maxima/minima. This results from
the fact that reconstruction is based on a limited set of EOF modes,
which acts as a low-pass filter. The rms between the two spatial trend
patterns over the PIR amounts 1.8 mm/yr. This is a very satisfactory result
considering the trend amplitudes in the PIR region (in the range of −
4 mm/yr to+14mm/yr over 1993–2009).
In Section 4, we discuss inmore detail the performance of the recon-
struction in the PIR and compare tide gauge records with reconstructed
sea level (both in terms of trend and interannual variability) at tide
gauge sites not used in the reconstruction. We also show in Section 5
that available tide gauge data in the PIR reflect (thus confirm) the
regional trend variability deduced from the reconstruction. This
represents an additional validation of the reconstruction at the scale
of the studied region.
In the following, we call RESL the annual reconstructed sea level
over 1950–2009.
2.4. Steric sea level
In situ ocean temperature and salinity measurements provide an
important information about the causes of regional sea level change
(Levitus et al., 2005; Lombard et al., 2005). Regional ocean circulation
changes, which are reflected in ocean temperature and salinity
changes through depth, drive sea surface height variations by several
decimeters regionally. In this work, we computed the annual-mean
steric sea level anomalies for the period 1955–2009, using data from
the 2009 World Ocean Database (WOD09) from the National
Oceanographic Data Center (NODC; Levitus et al., 2009; expendable
bathy-thermograph — XBT — measurements corrected for fall rate
bias; http://www.nodc.noaa.gov/OC5/indprod.html). The NODC tem-
perature data are available over 16 depth levels ranging from the
ocean surface to 700 m on a global 1°×1° grid from 1955 to 2009. Ste-
ric sea level anomalies were computed over the 0–700 m depth range
(although we do not account for salinity, in the following we use the
term steric sea level for the thermal expansion component). We re-
moved the annual and semi-annual cycles and computed annual av-
erages of steric sea level over the 1950–2009 time span.
2.5. Vertical land motion based on GPS precise positioning
A few tide gauge sites of the studied region are collocated with GPS
stations for which published solutions of vertical land motions are
available. Here we consider three GPS solutions: the Santamaría-
Gómez et al. (2011) (http://www.sonel.org/-GPS-.html) and Fadil
et al. (2011) solutions— hereafter calledULR4 and F2011, plus the com-
bined solution provided by the re-processing of the International GPS
Service (IGS) (http://acc.igs.org/reprocess.html; called REPRO1). All so-
lutions are expressed in the ITRF2005 reference frame (Altamimi et al.,
2007). REPRO1 is based on 11 individual solutions, including that from
Santamaría-Gómez et al. (2011). It is available as combined position
time series at weekly interval.
Fig. 3. Map of the PIR interannual sea level trends from the reconstruction over 1950–2009. Locations of the 27 tide gauges (black circles and stars) used in this study are super-
imposed. Stars correspond to the 7 tide gauges used in the global reconstruction. The hatched areas correspond to non-significant trends (p-valueN0.1).
Fig. 4. Reconstructed and steric mean sea level time series for 1950–2009. The
detrended RESL is the black line and its uncertainty is in gray. The detrended steric
sea level is the red line. The inverse NINO3 index (shifted by half a year) is superim-
posed in blue. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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3. ‘Long-term’ trends and ENSO signature in sea level
3.1. Spatial trend patterns during 1993–2009 and 1950–2009
Over the period January 1993 to December 2009, the PIR mean sea
level trend amounts to 4.9±0.7 mm/yr. However, high contrast is ob-
served between western and eastern parts of the region as illustrated
in Fig. 2a. In effect, the western part of the PIR shows positive sea level
rise with two maxima (in the range 10–14 mm/yr) around 12°N,
125°E to 160°E and around 10°S, 150°E to 165°E. The largest rates of
rise since 1993 are observed in Micronesia (Yap, Malakal and Chuuk
islands), at Mariana Islands (Saipan and Guam islands), in Papua
New Guinea Islands (Rabaul city) and Solomon Islands (Honiara
city), with a strong maximum of 11±3 mm/yr in the latter region.
As shown in previous studies (e.g., Lombard et al., 2005; Bindoff et
al., 2007), spatial trend patterns shown in Fig. 2a likely reflect inter-
annual variability rather than long term trends. Thus on time spans
longer than the altimetry era, spatial trend patterns should be differ-
ent. This is indeed the case, as illustrated in Fig. 3 which presents spa-
tial sea level trend patterns for 1950–2009 over the PIR from the
reconstruction (global mean sea level rise included). While on aver-
age over the past 60 years, the PIR mean trend from the RESL amounts
to 1.8±0.5 mm/yr (a value similar to the global mean sea level rate of
rise; Church and White, 2011 and our global reconstruction), locally,
the maxima can reach up to ~5 mm/yr. The trend uncertainty is esti-
mated from the quadratic sum of the error due to the reconstruction
method and the formal error of least-squares linear regression. Fig. 3
displays zonal-type patterns with a succession of sea level trend max-
ima, in particular around 10°S, an area that includes the islands of
Funafuti and Penrhyn.
3.2. The ENSO signature in past sea level
Fig. 4. shows geographically averaged RESL over the PIR between
1950 and 2009, after removing the 1.8 mm/yr mean trend over the
region. In Fig. 4, the gray zone represents RESL uncertainty. This
uncertainty is based on the quadratic sum of errors due to the recon-
struction method and errors of the tide gauge records. This latter
error is estimated from a bootstrap method (Efron and Tibshirani,
1993) for standard errors of the tide gauge records for each year (sig-
nificant at the 95% level).
Fig. 4 also presents the detrended steric sea level averaged over
the PIR. The trend of the steric sea level at PIR, on the order of
0.3 mm/yr, is much lower than the RESL mean trend, in agreement
with previous findings (e.g., Miller and Douglas, 2004). On the other
hand, we note a high correlation (r=0.8) at interannual time scale
between detrended RESL and steric sea level, with relative minima
corresponding to the 1958–59, 1965–66, 1969–70, 1972–73, 1976–
77, 1982–83, 1986–87, 1992–94, and 1997–98 El Niño events. This
high correlation confirms that interannual variability of both thermal
expansion and sea level is driven by ENSO (e.g., Bindoff et al., 2007).
This is highlighted by superimposing the Niño 3 index (NINO3 here-
after). NINO3 is a proxy of ENSO, defined as the mean sea surface
temperature averaged over the 150°W–90°W, 5°N–5°S area of the
eastern equatorial Pacific. We note a high anti-correlation (r=
−0.6) at interannual time scale between detrended RESL and
NINO3 shifted by half a year (there is indeed a 6-month delay due
to the eastward propagation of the El Niño-related sea level anomaly
between the PIR and the NINO3 region, as shown in Delcroix, 1998).
To capture the characteristics of the regional sea level variability
over the PIR, we performed an EOF decomposition of the reconstructed
sea level data over 1950–2009, removing to the RESL fields, the
1.8 mm/yr mean trend over the PIR. Similarly, an EOF decomposition
has been performed with the steric sea level fields (mean steric trend
over the PIR removed).
Fig. 5 shows EOF modes 1 and 2 (called EOF1 and EOF2 hereafter)
of RESL and steric sea level since 1950. RESL EOF2 (29% of the total
variance) is highly correlated with the steric EOF1 (41% of the total
variance). The correlation between the temporal curves amounts to
0.8. RESL spatial EOF1 (34% of the total variance) closely resembles
RESL trend patterns over 1950–2009. Its correlation with the steric
EOF2 (22% of the total variance) is lower than for EOF1 (equal to
Fig. 5. EOF1 and EOF2 decomposition of reconstructed and steric sea level for 1950–2009. Left/right panels show the spatial patterns of the first two RESL/steric sea level EOF modes.
In the middle panel, temporal time series of the two first EOF modes are plotted in black for the RESL and in red for the steric sea level. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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0.5). The temporal curves show large negative anomalies associated
with ENSO events, confirming that during El Niño events, sea level
is lower-than-average in the western part of the region. The 10°S–
10°N latitudinal band displays the well-known zonal seesaw in sea
level at the ENSO frequency, as previously documented from scat-
tered tide gauge data (Wyrtki, 1984), Geosat and T/P satellite altime-
try data (Chao et al., 1993; Hendricks et al., 1996), in situ temperature
data (Zhang and Levitus, 1996), XBT-derived dynamic topography
(Delcroix, 1998), and model outputs (Busalacchi and Cane, 1985;
Zebiak and Cane, 1987). This EOF analysis confirms that ENSO events
have a strong modulating effect on the PIR sea level variability, with a
tendency for low sea level during El Niño events and high sea level
during La Niña events. Besides the sub-decadal ENSO signature, the
temporal curves also show some low-frequency (multi decadal) var-
iability. This EOF analysis also confirms that spatial patterns in sea
level are mostly of thermal origin.
3.3. Longitudinal variability in PIR sea level
Fig. 6 shows a longitude–time diagram of RESL averaged between
20°S–15°N (mean PIR trend removed). The maximum variability
clearly appears in the western part of the domain, with an alternation
of positive and negative sea level anomalies at the ENSO frequency. In
qualitative agreement with Fig. 4, negative anomalies (in blue) occur
during the 1969–70, 1972–73, 1976–77, 1982–83, 1986–87, 1992–94,
1997–98, and 2002–2004 El Niño events. In contrast, positive anom-
alies (in red) show up during the 1955–56, 1962–63, 1967, 1971–
72, 1973–75, 1988–89, 1996, 1999–2001 and 2008 La Nina events. It
is interesting to note that positive sea level anomalies are concentrat-
ed in a small longitudinal band, between 120°E and 140°E, i.e., in the
Philippines and the western part of Papua New Guinea region, while
the signal weakens eastward. The diagram shown in Fig. 6 also sug-
gests an intensification of La Niña-related sea level anomalies since
about 1970. The analysis highlights the regions most at risk because
of anomalous high sea levels during various ENSO cold phases. For ex-
ample, it is evident from Fig. 6 that the Pacific islands west of the
dateline show particularly high sea levels during La Niña. Since
2002, Fig. 6 shows repeated increased sea levels in the central basin
(between 160°W and 160°E), likely related to the 2002–2003,
2003–2004, 2009–2010 El Niño Modoki events (Ashok et al., 2007;
Weng et al., 2007; Behera and Yamagata, 2010). El Niño Modoki
events induce positive sea level anomalies confined in the central
Pacific near the dateline rather than in the eastern part of the tropical
Pacific as for conventional ENSO (Bosc and Delcroix, 2008; Kug et al.,
2009). This longitude–time diagram confirms that sea level interann-
ual variability in the PIR is driven by ENSO, including its low frequen-
cy modulation. The results also suggest an amplification of the ENSO
signature since 1970 and the hint for an increased occurrence of El
Niño Modoki-type signature events since 2002 in the PIR.
4. Sea level time series at the tropical Pacific Islands from tide
gauges, reconstruction and satellite altimetry
We now consider tide gauge data along with reconstructed sea
level over 1950–2009 at the 27 tide gauge sites shown in Fig. 2. In
Fig. 7, we superimpose tide gauge-based and reconstructed sea level
over their respective time span. We also superimpose altimetry-
based sea level interpolated at the tide gauge sites since 1993. Ocean-
ographic considerations as well as EOF patterns from Fig. 5 lead us to
consider three groups of sea level stations as follows: [15°N–5°N]
roughly corresponding to the meridional extension of the North
Equatorial Current, [5°N–18°S] corresponding to the South Equatorial
Current, and [18°S–20°S], an area situated on the southward rim of
the south Pacific subtropical gyre. These 3 sub-regions are called
hereafter: G1, G2 and G3 respectively. As noted above, only 7 tide
gauge records were used in the global reconstruction (Guam, Chuuk
island, Kwajalein, Pago Pago, Kanton, Papeete and Rikitea) while the
remaining 20 tide gauges were not. Thus at these 20 sites, we can
test the quality of the reconstruction looking at the correlation with
the tide gauge data, in particular at interannual time scale. This is in
addition to the global validation presented in Section 2.3. Table 1
summarizes correlations as well as sea level trends from the RESL
and tide gauge data sets.
For the G1 region, where the Saipan, Guam, Yap, Malakal, Chuuk,
Pohnpei, Kwajalein, Enewetok and Majuro islands are located, the av-
erage correlation between RESL and observed sea level from tide
gauges (not used in the reconstruction) is 0.8. The mean rms differ-
ence between tide gauges and RESL amounts to 3.9 cm. Some discrep-
ancies between RESL and tide gauge are noted for the trends (see
Table 1). This may result from the fact that tide gauge data have
been corrected for GIA only and also due to the uncertainties of the
RESL. In effect, if the tide gauge sites are affected by land subsidence
(due to ground water pumping for example), such effects were not
corrected for. Thus GIA-corrected-only tide gauge trends may not ev-
erywhere agree with RESL trends. This question will be addressed in
Section 5. Besides, the reconstructed sea level trends have their own
uncertainty (of the order of 0.5 mm/yr; see Section 2.3). Another
tide gauge trend uncertainty results from the shortness of the tide
gauge records.
Fig. 6. Longitude–time diagram of detrended yearly-averaged reconstructed sea level
from 1950 to 2009. Detrended RESL data are averaged between 20°S and 15°N.
Fig. 7. Sea level curves at tide gauge sites since 1950. Time series of reconstructed sea level (black), tide-gauge (red) and altimetry (blue). The dashed blue line corresponds to tide
gauge records supplemented using altimetry data. The time series are arranged in 3 groups: G1 [15°N–5°N], G2 [5°N–18°S] and G3 [18°S–20°S]. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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The mean (detrended) RESL time series for the G1 region is shown
in Fig. 8a (RESL mean rise over 1950–2009 in G1 amounts to 1.1±
0.6 mm/yr). We observe a clear negative correlation (r=−0.6) be-
tween detrended mean sea level and NINO3 shifted by half a year
(see above and Delcroix, 1998). As previously noted by Church et al.
(2006), interannual sea level variability beyond 1970 is greater than
prior to 1970. This was quantified by calculating the standard devia-
tion of interannual anomalies: sea level has an average interannual
variability of 3 cm before 1970, and 6 cm after 1970. For example at
Malakal, the 1997–1998 ENSO event was accompanied by a decrease
in sea level followed by an abrupt increase. For the period 1997–1998,
the positive sea level anomaly at Malakal reached ~26 cm (~20 cm at
Yap and Chuuk islands).
In the G2 region which includes the Lombrum, Nauru, Kapinga-
marangi, Rabaul, Honiara, Funafuti, Kanton, Pago Pago, Fanning,
Christmas Island, Penrhyn, Papeete and Tarawa islands, the average
correlation between RESL and tide gauge (not used in the reconstruc-
tion) sea level is 0.8 (Table 1). The mean rms difference between tide
gauges and RESL is ~5 cm. The mean RESL trend over the G2 region
amounts to 2.6±0.6 mm/yr for 1950–2009. At Funafuti and Penrhyn,
the RESL trends amount to 4.7±0.7 mm/yr and 3.5±0.6 mm/yr re-
spectively. Fig. 8b shows detrended mean RESL of the G2 sub-region
and NINO3 (shifted by half a year, Delcroix, 1998). A negative corre-
lation of r=−0.6 is reported. RESL interannual variability in the G2
region can be roughly divided into three phases: before the 1982–
1983 El Niño, during 1982–2001 and after 2001, a period of prevailing
El Niño Modoki events. The interannual standard deviation of RESL in
G2 is 6 cm for the period 1982–2001, i.e., 1.4 times more than over
the other two periods. At Funafuti, the negative sea level anomaly
during the 1982–1983 ENSO reaches−35 cm. There, the interannual
standard deviation of RESL is ~5 cm for the period 1950–1981, ~9 cm
for the period 1982–2009. We observe also that the time series at the
three sites of Honiara, Funafuti and Penrhyn are very similar, proba-
bly due to their location near the South Equatorial Ridge (Noye and
Grzechnik, 2001).
In the G3 region which includes the Suva, Nuku'Alofa, Rarotonga,
Rikitea and Noumea islands, the average correlation between
detrended RESL (mean RESL trend in G3 amounts to 1.5±0.5 mm/yr
over 1950–2009) and tide-gauge-based sea level (not used in the re-
construction) is 0.6. Tide gauge record and RESL trends are in good
agreement over their overlapping time span (except at Suva). The
mean difference between tide gauges and RESL time series is ~4.5 cm.
Fig. 8c shows detrendedRESL. Themean interannual standard deviation
in G3 is on the order of 2 cm.
5. Total sea level trend (climatic components and vertical ground
motions) at tide gauge sites
In the previous section, we discussed the interannual/decadal/
multidecadal variability and trends of the reconstructed sea level
time series at the island sites of the PIR. We now examine vertical
ground motions that affect locally tide gauge measurements. In effect,
tide gauges are affected by ground motions while the reconstruction
is supposed to reflect the ‘climatic’ signal only (global mean trend
plus regional variability). Note that this is not totally true because
to reconstruct past sea level, we used tide gauge data corrected for
GIA only (see Section 2). If natural or anthropogenic ground subsi-
dence also affects a given tide gauge site used in the reconstruction,
such effects were not corrected for. However, in the studied region,
only 7 over 27 tide gauges contributed to the global reconstruction.
Moreover the reconstructed trend at a given site results from two
components: (1) global mean trend (equal to 1.8 mm/yr) due to
global warming (through ocean warming and land ice melt) and
(2) regional trends. As shown by several previous studies (e.g.
Timmermann et al., 2010), the latter component mainly results
from wind-driven steric sea level regional variability and is supposed
to be related to internal modes of variability of the climate system.
Thus, we expect that at island sites not used in the reconstruction,
the reconstructed trend is essentially of climate origin (with some
uncertainty of course) and is little contaminated by unrelated vertical
ground motions.
In this section we examine the ‘total’ trend at the tide gauges col-
located with GPS stations. For that purpose, we now use tide gauge
records not corrected for GIA. In effect, our purpose is to compare
tide gauge trends with the combination of reconstructed (i.e., ‘climat-
ic’) sea level trends and GPS-based vertical rates (that include the GIA
component). By ‘total’ trend, we mean the ‘climatic’ components as
derived from the reconstruction (i.e., the global mean rise plus the re-
gional trend), to which we subtract the ‘local’ component due to ver-
tical ground motion (negative/positive vertical ground motion, i.e.,
subsidence/uplift, gives rise to relative sea level rise/drop; thus to ob-
tain the total sea level trend, we subtract vertical groundmotion). The
‘total’ trend should reflect the sea level change felt by the population
locally. We first discuss vertical ground motions and then the climatic
and total trends.
Fig. 8. Detrended mean RESL curves in each of the 3 regions: a) G1 [15°N–5°N], b) G2
[5°N–18°S] and c) G3 [18°S–20°S] with the superimposed inverse NINO3 (right axis)
shifted by half a year.
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5.1. Vertical ground motions from GPS
In the PIR, 12 tide gauges are collocated with GPS stations: Guam,
Funafuti, Kwajalein, Lombrum, Nauru, Noumea, Pago-Pago, Papeete,
Pohnpei, Rarotonga, Saipan and Tarawa. The distance between the
tide gauge and the GPS antenna is given in Table 2. If the GPS time se-
ries show spurious jumps or curious behavior, we then discard the
corresponding data (e.g., Saipan, Kwajalein, Lombrum and Nauru).
The ULR4 (Santamaría-Gómez et al., 2011) and F2011 (Fadil et al.,
2011) solutions directly provide vertical rates. This is unlike the
REPRO1 solution which consists of weekly position time series. To com-
pute REPRO1 vertical rates and their uncertainties, we use themaximum
likelihood estimation (MLE) technique using the CATS software
(Williams, 2008). A combination of power-law plus variable white
noise model provides the most likely stochastic description of REPRO1
GPS position time series. This result is consistent with former results
(e.g., Mao et al., 1999; Santamaría-Gómez et al., 2011). The estimated
spectral indexes are close to−1, indicatingflicker noise. On this assump-
tion, the average noise levels are 0.4±0.1 mmand 5.6±1.1 mm/yr^0.25
for the variable white- and power law noises, respectively.
Vertical rates and associated uncertainties are given in Table 2 for
the three GPS solutions. Looking at Table 2, we note that vertical rates
are in general negative, evidencing ground subsidence (hence apparent
sea level rise). At Guam, estimated rates are positive but the REPRO1
time series (not shown) suggests spurious behavior before 2002,
which is confirmed in the ULR4 solution too (figure available on
http://www.sonel.org/-GPS-.html). The REPRO1 rate at Guam is esti-
mated over the period 2002–2010 as in F2011, while ULR4 consider
the total 1996–2010 time span despite the spurious behavior observed
in the time series. Whatsoever, the positive rates from the three GPS
solutions are consistent within their error bars and are not statistically
different. At Saipan, the REPRO1 time series shows a large data gap
and a big jump, making it somewhat suspect. This is not visible in the
corresponding ULR4 time series. We remove this station from our
analysis. Note that both Guam and Saipan are located at the forefront
volcanic arc of the Marianna trench, thus may be subject to strong vol-
canic and tectonic deformations. At Pohnpei, the ULR4 time series
shows some large data gaps,making it somewhat suspect. At Kwajalein,
both the REPRO1 and ULR4 time series show a large data gap and
ground subsidence around −3 mm/yr, but we suspect a shift around
year 2000. Thus we prefer not to consider it. At Nauru, the three solu-
tions are in good agreement. Although the corresponding time series
are short (5–6 years), we decide to keep this station. At Funafuti, the
REPRO1 time series shows strong interannual variability and significant
dispersion is noticed between the three solutions. While the ULR4
and F2011 solutions agree well and report subsidence rates of
−0.7 mm/yr and −0.9 mm/yr, the REPRO1 solution gives a rate of
nearly zero. This is surprising as the three solutions are based on similar
GPS data length. At Lombrum, the REPRO1 time series shows spurious
gaps between 2004 and 2008, which is confirmed in the ULR4 solution
too. This GPS time series is thus discarded. At Pago Pago, the REPRO1
time series shows spurious data after mid-2008, whereas ULR4 and
F2011 rates are calculated from mid-2001 to 2009. At Papeete and
Noumea, the REPRO1 and F2011 estimates are in close agreement but
differ from the ULR4 estimate. At Rarotonga, ULR4 and F2011 rates are
negative while the REPRO1 rate is positive for the same period. But
the differences between the estimated rates are not statistically signifi-
cant. At Tarawa, the REPRO1 time series shows strong interannual var-
iability, and significant dispersion is noticed between the three
solutions. The ULR4 time series shows spurious data between 2004
and 2006. Some other discrepancies are observed between the
REPRO1, ULR4 and F2011 solutions, probably due to the different pro-
cessing techniques used by each group. In summary, close inspection
of the GPS solutions leaves us with only 9 stations: Guam, Pohnpei,
Nauru, Funafuti, Pago Pago, Papeete, Noumea, Rarotonga and Tarawa.
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rate computed from the three GPS solutions (i.e., the average of the three
rate values weighted by their respective inverse squared uncertainty).
5.2. ‘Total’ sea level rise
We now compare trends from the (non GIA corrected) tide gauge
records (supposed to reflect the total rate, i.e., climatic components
and vertical land motion), from the reconstruction (‘climatic’ compo-
nents) and from the GPS solutions (vertical rates). We consider only
the tide gauge records with at least 30 years of data and with a signifi-
cant trend (p-valueN0.1, i.e., result not significant at the 0.1 significance
level). This leads us to not consider the tide gauge trends at Tarawa and
Noumea stations (see Tables 1 and 2). In Table 2, the (non GIA
corrected) tide gauge trends are computed over their available data
spans while the reconstruction trends are given for both the whole
1950–2009 time span and the generally shorter tide gauge time span.
GPS trends are estimated with a few years of data only but as done in
many previous studies (e.g., Woppelmann et al., 2007), we make the
assumption that they reflect long term vertical rates (of course we are
aware of the fact that thismay not be totally true andwe cannot exclude
that some factors — e.g., atmospheric or hydrological loading may pro-
duce decadal/multidecadal variability). In the following, the quoted
uncertainty on the ‘total’ sea level trend is based on the quadratic sum
of the reconstructionmethod error, the formal error of the least-squares
linear regression and the (realistic) error of the GPS solution.
Fig. 9a shows tide gauge-based and RESL–GPS (i.e., from the re-
construction and land motion) trends for Guam, Pohnpei, Funafuti,
Pago Pago, Papeete and Rarotonga, computed over each tide gauge
time span (as summarized in Table 2). We note that the two types
of trend agree within their respective uncertainties. Fig. 9a also con-
firms the important regional variability, with significantly different
trends from one site to another. The largest trend is seen at Funafuti
both in the tide gauge data and RESL–GPS.
Fig. 9b shows RESL–GPS trends and associated uncertainty over
1950–2009 at the 6 tide gauge sites as in Fig. 9a, plus at Nauru, Nou-
mea and Tarawa (the latter 3 tide gauges records were not considered
in Fig. 9a for the reasons discussed above). In Fig. 9b, the global mean
sea level trend and its uncertainty range are also shown. From Fig. 9b
(see also Table 2), we note that at Guam and Rarotonga, the ‘total’ sea
level trend based on the reconstruction including the vertical land
motion is below the global mean sea level rise of the past 60 years
while Pohnpei total trend is slightly above (although, in the three
cases, total trend falls within the uncertainty range of the global
mean trend). At the 6 remaining sites, total trends are above the glob-
al mean sea level rise, with one clear outsider: Funafuti where the
total sea level trend since 1950 amounts to ~5 mm/yr.
5.3. The Funafuti case
Sea-level change at the Tuvalu islands has been the subject of several
previous studies (Hunter, 2002; Eschenbach, 2004; Church et al., 2006;
Yamano et al., 2007; Aung et al., 2009). The nine major islands of the
Tuvalu archipelago are all highly sensitive to climate change. In effect,
the islands are very low-lying, their morphology is entirely dependent
on coral growth, and they have shallow freshwater lenses which are
easily depleted during drought episodes. They also have high population
density. The largest of the Tuvalu islands is Funafuti, a near-continuous
ring of 33 islets, each just 20 m to 400 m wide, around a central lagoon
of 20 km diameter. With a land area of 2.8 km2, Funafuti atoll supports
a population of approximately 5000 people (Government of Tuvalu,
2006). Over the past fewdecades, Funafuti has seen an influx ofmigrants
from outer islands (Mortreux and Barnett, 2009). Tuvalu has no streams
or rivers, and therefore, almost no drinkable water. Rising sea level
already adversely impacts traditional fresh water sources. Moreover,
there is a crop livelihood decline due to soil salinity (Patel, 2006). All
these factors have influenced people to migrate from other islands to
Funafuti.
The Funafuti tide gauge is located on a jetty on the islet of Fongafale.
The atoll encloses a lagoon roughly 15 km in diameter, in which the tide
gauge is located. Therefore, the tide gauge is relatively sheltered from the
deep ocean. At Funafuti, we get a total rate of sea level rise of ~5.1±
0.7 mm/yr (considering the weighted mean of the ULR4, F2011 and
REPRO1 solutions). Because of the regional variability component, the
amount of sea level rise really felt by the population is almost three
times the global mean rate of sea level rise over the past half century.
Over the last 60 years, this corresponds to a total sea level elevation of
~30±4 cm. This result allows us to better understand why the Tuvalu
(Funafuti) population feels highly threatened by global warming and
sea level rise, as often reported by the world media.
6. Conclusion
In this study, we determined past sea level variability and change in
the western tropical Pacific using a 2-D past sea level reconstruction.
Fig. 9. Left panel: total sea level rise at Guam, Pohnpei, Funafuti, Pago Pago, Papeete and Rarotonga estimated over the tide gauge time spans (red: from tide gauge data, black: RESL-
GPS); Right panel: total sea level rise at Guam, Pohnpei, Nauru, Funafuti, Pago Pago, Papeete, Noumea, Rarotonga and Tarawa estimated over 1950-2009 from RESL-GPS. The hor-
izontal lines represent the global mean sea level trend over this period and its associated uncertainty.
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Weobserve that over 1950–2009, spatial trendpatterns are quite differ-
ent from those observed over the altimetry era (1993–2009). Over the
time span 1950–2009, sea level in the PIR is characterized by a strong
positive trend pattern, almost centered on the Tuvalu islands. We find
that sea level in the PIR displays important regional variability driven
by ENSO events. We show that ENSO events have a strong modulating
effect on the PIR sea level variability, with a tendency for low sea level
during El Niño events and high sea level during La Niña events. More-
over, besides the sub-decadal ENSO signature, our results also show
some low-frequency variability in PIR sea level, seen in the steric sea
level as well. Our results suggest an amplification of the ENSO signature
since 1970 and the hint for an increased occurrence of El Niño Modoki-
type signature events since 2002 in the PIR. However, this regional var-
iability has different characteristics depending on the sub-regions. For
the G1 sub-region [15°N–5°N], the reconstructed sea level rise over
1950–2009 amounts to 1.1±0.6 mm/yr. In this sub-region, we observe
a clear negative correlation between detrended mean sea level and
NINO3 index (with 6-month shift). For the G2 sub-region [5°N-18°S],
the reconstructed sea level trend amounts to 2.6±0.6 mm/yr for
1950–2009. A negative correlation with NINO3 index is reported
(with 6-month shift). In this sub-region, the interannual variability
can be roughly divided into three phases: before the 1982–1983 El
Niño, during 1982–2001 and after 2001, a period of prevailing El Niño
Modoki events. For the G3 region [18°S–20°S], the reconstructed sea
level rise over 1950–2009 amounts to 1.5±0.5 mm/yr.
In the study, we also estimate the total rate of sea level change at
selected PIR islands, as a result of the climate-related sea level change
(uniform-global mean-sea level rise plus regional variability) and
vertical land motion. This allows us to determine the amount of
“total” sea level change effectively felt by the populations over the
last ~60 years. We find that at Guam, Pohnpei and Rarotonga, the
‘total’ sea level trend based on the reconstruction and GPS vertical
land motion, is within the uncertainty range of the global mean sea
level rise of ~1.8 mm/yr since 1950. At Nauru, Funafuti, Pago Pago, Pa-
peete, Noumea, and Tarawa, the ‘total’ sea level trend is significantly
above the global mean. At Funafuti, the total rate of sea level rise is
found to be ~5 mm/yr over the last 60 years. This corresponds to a
sea level elevation of ~30 cm during this time span. These results cor-
roborate that at this particular location, sea level rise – as felt by the
population – is no longer the question. The question now is how
well prepared the low-lying Pacific Islands will be in a world affected
by these global changes.
The above results clearly demonstrate the utmost importance of
two factors when considering global warming-related sea level rise
threat: regional variability and land motion. Regional variability that
is superimposed to the global mean sea level rise may either diminish
or amplify the latter by a substantial amount. For the past 60 years, at
some islands of the western tropical Pacific like Papeete and Funafuti,
the regional amplification is in the range 70%–150%. Vertical land mo-
tion, which more often consists of local subsidence rather than uplift,
is another factor of amplification of the relative sea level rise. This was
recently discussed by Ballu et al. (2011) for the Torres islands (north
Vanuatu, southwest Pacific). Using GPS precise positioning, these
authors clearly demonstrate that during the past ~two decades, earth-
quake-related vertical land motion led to large subsidence (of about−
10mm/yr), almost doubling the absolute, climate-related sea level
rise. They judiciously warn against interpreting natural hazards affect-
ing these remote islands as the only consequence of global warming-
related climate change. This concern clearly applies to other regions,
in particular the low-lying islands of the tropical Pacific. At Funafuti,
ground subsidence increases the climate-related sea level rise by
about 10%. At Papeete, this amplification is about 15% but at Noumea,
ground subsidence is by far dominating the climate-related sea level
change. As concluded by Ballu et al. (2011), climate change adaptation
in low-lying small islands must identify other potentially risky factors
than uniformly rising sea level, namely regional variability and land
subsidence and account for them when developing mitigation and
adaptation projects.
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La mer Me´diterranne´e compte 46000 km de coˆtes dont 54% sont rocheuses et 46%
de type se´dimentaire. Le marnage y de´passe rarement les 30 cm rendant la coˆte pArcti-
culie`rement sensible aux e´ve`nements extreˆmes en cas de monte´e du niveau de la mer.
En effet, le marnage e´tant faible, l’augmentation du niveau de la mer se reporte directe-
ment sur le niveau maximum atteint lors des e´ve`nements extreˆmes. Ainsi les e´ve`nements
extreˆmes atteignant une hauteur donne´e sont d’autant plus fre´quents en Me´diterranne´e
que le niveau de la mer augmente (Nicholls and Hoozemans [1996]). Par exemple, sur la
coˆte Egyptienne, une augmentation du niveau moyen de la mer Me´diterrane´e de 0.3 m a
pour conse´quence de rendre 100 fois plus fre´quent les e´ve`nements qui font ponctuellement
augmenter le niveau de la mer de 0.5 m (voir la courbe de fre´quence des inondations sur
la coˆte Egyptienne Fig.3.2). Ceci expose les coˆtes Me´diterrane´ennes a` des inondations bien
plus fre´quentes a` mesure que le niveau de la mer augmente en pArcticulier sur les coˆtes
se´dimentaires et dans les marais maritimes qui sont peu e´leve´s par rapport au niveau de
la mer.
Figure 3.2 – Courbe de la fre´quence des inondations sur la coˆte Egyptienne en fonction de
l’augmentation du niveau de la mer. En ordonne´e se trouve le niveau maximum atteint par l’eau
au dessus du niveau moyen de la mer au cours des e´ve`nements extreˆmes. En abscisse se trouve
la fre´quence d’occurence des e´ve`nements extreˆmes. En trait pointille´ : courbe calcule´e pour le
niveau moyen de la me´diterrane´e actuel. En point : courbe calcule´e pour le niveau moyen de la
Me´diterrane´e actuel augmente´ de 0.3 m. En trait plein : courbe calcule´e pour le niveau moyen de
la Me´diterrane´e actuel augmente´ de 1.0 m. Figure adapte´e de Nicholls and Hoozemans [1996].
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De plus, la Me´diterrane´e est situe´e sur une zone tectoniquement active (zone de con-
vergence de la plaque Africaine avec la plaque Eurasienne) si bien que toute la coˆte
Me´diterrane´enne est affecte´e par des mouvements verticaux importants (en pArcticulier
dans sa partie orientale, Bennett and Hreinsdottir [2007]; Antonioli et al. [2009]) qui in-
tensifient en de nombreux endroits la monte´e relative du niveau de la mer (Nord de la mer
Adriatique, Delta du Nil, Nord de la mer Tyrennienne etc, voir par exemple Braitenberg
et al. [2011]; Fenoglio-Marc et al. [2012]). Enfin la coˆte Me´diterrane´enne concentre plus de
150 millions d’habitants. Elle attire chaque anne´e environ 200 millions de touristes (i.e. un
tiers du nombre de touristes dans le monde) signifiant qu’elle concentre aussi une tre`s forte
infrastructure touristique et une activite´ e´conomique conside´rable.
Ces diffe´rents e´le´ments font de la coˆte Me´diterrane´enne l’une des coˆtes les plus
vulne´rables au monde, en pArcticulier sur sa partie Africaine ou` les protections contre
les inondations sont rares (Nicholls and Cazenave [2010]). La re´gion du delta du Nil est un
exemple typique des situations les plus expose´es que l’on trouve autour de la Me´diterranne´e.
Elle concentre a` elle seule 25 millions d’habitants ( 30% de la population Egyptienne), 40%
des ressources agricoles et halieutiques de l’Egypte et 50% de ses ressources industrielles
(Frihy et al. [2010]). De plus elle fait face a` une augmentation du niveau de la mer de 1.8
mm.a-1 depuis 1950 (Marcos and Tsimplis [2007]; Calafat and Gomis [2009]) tandis que la
crouˆte terrestre locale est en subsidence suite au drainage du Delta ( Stanley and Warne
1993, Frihy 2010 ).
Pour estimer les risques auxquels s’exposent les diffe´rentes re´gions du pourtour
Medite´rrane´en comme le delta du Nil nous avons cherche´ a` calculer la variabilite´ re´gionale
du niveau de la mer en Me´diterrane´e sur les dernie`res de´cennies.
3.2.1 Estimation locale du niveau de la mer depuis 1970
Sur les 18 dernie`res anne´es, l’altime´trie montre que le niveau de la mer moyen en Mer
Me´diterrane´e pre´sente une variabilite´ inter-annuelle tre`s forte avec des amplitudes de plus
de 100 mm d’une anne´e sur l’autre. De meˆme, la variabilite´ re´gionale est tre`s forte avec des
tendances tre`s ne´gatives dans la mer Ionienne et fortement positive dans la mer Ege´e et
le bassin Levantin sur la pe´riode 1993-2006. Ces tendances sont la signature de l’”Eastern
Mediterranean Transient” (EMT) : un changement de circulation en Mer Ionienne et dans
le bassin Levantin dans les anne´es 1990 qui a fortement marque´ la variabilite´ du niveau
de la mer Me´diterrane´en sur la de´cade 1993-2003 (Roether et al. [2007] par exemple).
L’EMT est caracte´rise´ par un changement dans la production des eaux profondes du bassin
Levantin et de leurs caracte´ristiques thermo-halines. Au cours du XXe`me sie`cle, elles se
sont forme´es en mer Adriatique, mais au de´but des anne´es 1990 ces eaux profondes ont e´te´
supplante´es par des eaux plus denses provenant de mer Ege´e et qui se sont forme´es suite a
plusieurs e´ve`nements climatiques inhabituels (Beuvier et al. [2010]). Parmis ces e´ve`nements
de´clencheurs, on compte un changement de circulation dans les bassins Ionien et Levantin
(Malanotte-Rizzoli et al. [1999]; Samuel et al. [1999]), une convection hivernale extreˆme en
mer Ege´e lors de l’hiver 1987 et l’occurence de deux hivers tre`s froids conse´cutifs en 1992
et 1993 (Josey [2003]; Beuvier et al. [2010]). Ce changement de production d’eau profonde
a fortement impacte´ la circulation Me´diterrane´enne a` tel point qu’il domine la variabilite´
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re´gionale du niveau de la mer dans les bassins Ionien et Levantin sur la pe´riode 1993-2006
(Tsimplis et al. [2009]; Vera et al. [2009]).
En re´sume´, durant la pe´riode altime´trique, la variabilite´ du niveau de la mer est domine´e
par un e´ve`nement exceptionnel : l’EMT. Un tel e´ve`nement ne s’est tre`s probablement
pas produit entre 1950 et 1990 (Beuvier et al. [2010]). Ceci fait que les observations al-
time´triques sont pArcticulie`rement peu repre´sentatives de la variabilite´ du niveau de la
mer Me´diterrane´e aux cours des dernie`res de´cennies.
Les reconstructions globales, de´veloppe´es dans la section 2.2.2, ne donnent pas non
plus d’informations fiables sur la variabilite´ du niveau de la mer en Me´diterrane´e depuis
1950. Ceci est duˆ a` 2 raisons. D’une part, comme la Me´diterrane´e est un bassin semi
ferme´, elle est domine´e par ses propres modes de variabilite´ oce´anique (comme l’EMT par
exemple) qui sont largement de´couple´s des modes de variabilite´ globaux qui ont servi a` l’in-
terpolation spatiale des mare´graphes dans le processus de reconstruction. En conse´quence
l’interpolation re´alise´e dans les reconstructions globales donne des re´sultats biaise´s pour
la Me´diterrane´e. D’autre part, sachant ce fait, nous n’avons pas utilise´ de mare´graphes
Me´diterrane´ens dans les reconstructions globales pour e´viter de polluer en retour les re-
constructions globales avec des informations spe´cifiques a` la Me´diterrane´e. Il n’y a donc
aucune information mare´graphique remontant a` 1950 concernant la Me´diterrane´e dans les
reconstructions globales.
En conse´quence nous avons de´veloppe´ des reconstructions spe´cifiques a` la Me´diterrane´e
pour estimer sa variabilite´ re´gionale aux e´chelles inter-annuelles et multi-de´cennales. Pour
cela nous avons suivi une me´thodologie similaire a` celle de l’e´tude Meyssignac et al. [2012]
tout en l’adaptant aux spe´cificite´s du bassin Me´diterrane´en. C’est le sujet de l’Arcticle :
”Two-dimensional reconstruction of the Mediterranean sea level over 1970-2006 from tide
gage data and regional ocean circulation model outputs”.
Re´sume´ de l’Arcticle : ”Two-dimensional reconstruction of the Mediter-
ranean sea level over 1970-2006 from tide gage data and regional ocean circu-
lation model outputs” (l’Arcticle original est inse´re´ a` la fin de cette section 3.2).
Dans cette e´tude nous de´veloppons 3 reconstructions diffe´rentes du niveau de la mer en
Me´diterrane´e sur la pe´riode 1970-2006. Pour les 3 reconstructions nous utilisons le meˆme
jeu de 13 mare´graphes re´partis autour du bassin. En revanche, nous utilisons pour chacune,
une base de donne´es diffe´rente pour estimer les EOFs du niveau de la mer qui permettent
d’interpoler spatialement les mare´graphes sur la pe´riode 1970-2006. Pour la premie`re recon-
struction nous utilisons des EOFs calcule´es a` partir des donne´es altime´triques sur la pe´riode
1993-2005. Ces donne´es couvrent une pe´riode courte et fortement marque´e par l’e´ve`nement
EMT qui est pArcticulier aux anne´es 1990, comme on a vu plus haut. Ceci peut donner
trop de poids au mode de variabilite´ EMT dans la reconstruction multi-de´cennale (voir
section 2.2.2). Pour cette raison, nous utilisons pour les 2 autres reconstructions, des EOFs
calcule´es sur une pe´riode plus longue (1970-2002) a` partir de mode`les. Pour la deuxie`me
reconstruction, les EOFs sont calcule´es a` partir du mode`le d’oce´an NEMOMED8 force´ par
la re´analyse atmosphe´rique ARPERA (Beuvier et al. [2010]; Herrmann et al. [2010]). Pour
la troisie`me reconstruction, les EOFs sont calcule´es a` partir du mode`le couple´ atmosphe`re-
oce´an PROTHEUS SYSTEM (The PROTHEUS Group et al. [2009]). Nous comparons
ensuite ces 3 reconstructions entre elles et avec la reconstruction de Calafat and Gomis
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[2009] base´e sur un jeu de mare´graphe distinct et des EOFs de´duites de l’altime´trie (sur
une pe´riode plus courte, de 1993 a` 2001). L’ensemble des 4 reconstructions est aussi e´value´
de manie`re inde´pendante par comparaison avec les donne´es altime´triques sur la pe´riode
1993-2000 et avec 7 mare´graphes inde´pendants couvrant la pe´riode comple`te 1970-2006.
Les 4 reconstructions donnent des re´sultats similaires et cohe´rents avec les donne´es en
terme de variabilite´ inter-annuelle et multi-de´cennale. Les meilleurs re´sultats sont obtenus
pour la reconstruction base´e sur le mode`le NEMOMED8 (en pArcticulier dans le bassin
Ionien ou` l’EMT a une forte influence, voir Fig. 3.3). Elle montre que la variabilite´ re´gionale
semble avoir e´te´ domine´e par l’impact de la NAO jusqu’en 1992 date a` laquelle s’est mani-
feste´ l’EMT. En ce qui concerne le niveau moyen de la Me´diterrane´e, les 4 reconstructions
donnent aussi des re´sultats tre`s similaires avec une forte baisse autour des anne´es 1975,
une hausse de plus de 30 mm en 1995 et une tendance de 1.4 mm.a-1 entre 1970 et 2000.
En revanche, en terme de tendances sur la pe´riode 1970-2006, les re´sultats divergent entre
les reconstructions. Ceci est duˆ a` la forte variabilite´ inter-annuelle du niveau de la mer en
Me´diterrane´e (de l’ordre de ± 100 mm d’une anne´e sur l’autre) qui empeˆche d’obtenir des
tendances significatives sur une periode de seulement 36 ans. Il est quand meˆme inte´ressant
de noter que les 4 reconstructions s’accordent pour donner des tendances re´gionales du
niveau de la mer relativement faibles sur la pe´riode 1970-2006 : entre -3 mm.a-1 et +3
mm.a-1. Ceci est remarquablement faible compare´ aux tendances re´gionales du niveau de
la mer que l’on peut trouver autour du globe sur la meˆme pe´riode : entre -7 mm.a-1 et +7
mm.a-1.
Figure 3.3 – Tendances du niveau de la mer reconstruites avec les mare´graphes (indique´s par
les points noirs) et les EOFs du mode`le NEMOMED8 entre 1970 et 2009. Figure adapte´e de
Meyssignac et al. [2011].
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3.2.2 Bilan de masse de la mer Me´diterranne´e sur les dernie`res
de´cennies
Les reconstructions du niveau de la mer en Me´diterrane´e nous ont montre´ que le niveau
moyen du bassin avait augmente´ a` la vitesse de 1.4 mm.a-1 entre 1970 et 2006. Cette vitesse
est le´ge`rement plus faible que celle du niveau de la mer global sur la meˆme pe´riode (Mar-
cos and Tsimplis [2008]; Calafat and Gomis [2009]). Dans le meˆme temps, les reconstruc-
tions montrent une variabilite´ re´gionale en tendance assez faible. En effet, les tendances
re´gionales ne s’e´cartent pas plus de ±3mm.a-1 de la moyenne du bassin. Ainsi dans toute
la Me´diterrane´e, c’est la tendance moyenne du bassin qui domine le signal local d’augmen-
tation du niveau de la mer. Dans ce contexte, le niveau moyen du bassin et sa tendance
semblent les e´le´ments les plus importants a` estimer et a` comprendre, en pArcticulier pour
les e´tudes d’impact.
Nous avons donc cherche´ a` calculer les composantes ste´rique et massique du niveau
de la mer Me´diterrane´e pour estimer leur contribution a` la hausse du niveau moyen du
bassin. Sur la pe´riode 1970-2006, le niveau de la mer ste´rique moyenne´ sur la Me´diterrane´e
pre´sente 2 phases : une baisse de 1970 a` 1990 (-1 mm.a-1) suivi d’une hausse entre 1990
et 2006 (1.2 mm.a-1). Ces variations de´cennales sont duˆes principalement a` des variations
de tempe´rature moyenne du bassin (les variations de salinite´ ont e´te´ faibles aux e´chelles
de´cennales depuis 1970 meˆme si elles pre´sentent une forte inter-annualite´ ). Sur la pe´riode
comple`te de 1970 a` 2006 les variations de´cennales du niveau de la mer ste´rique se com-
pensent, si bien que la tendance moyenne ste´rique est quasiment nulle. La tendance de 1.4
mm.a-1 du niveau de la mer moyen sur la meˆme pe´riode s’explique donc par l’augmentation
de la masse d’eau en Me´diterrane´e (Calafat et al. [2010]; Fenoglio-Marc et al. [2012]). C’est
ce dernier point que nous analysons en proposant un bilan de masse complet de la mer
Me´diterrane´e entre 1970 et 2006 dans l’Arcticle intitule´ ”Decadal variability of net water
flux at the Mediterranean sea Gibraltar Strait ”
Re´sume´ de l’Arcticle : ”Decadal variability of net water flux at the Mediter-
ranean sea Gibraltar Strait ” (l’Arcticle original est inse´re´ a` la fin de cette section 3.2).
Dans cette e´tude nous estimons tout d’abord les variations de masse de la Me´diterrane´e en-
tre 1970 et 2006 a` partir de la reconstruction de´veloppe´e plus haut dans l’e´tude Meyssignac
et al. [2011]. Pour cela nous soustrayons a` la reconstruction base´e sur NEMOMED8 le
niveau de la mer ste´rique calcule´ a` partir des donne´es hydrographiques in-situ globales
de Ishii and Kimoto [2009] ou re´gionales de MEDAR/MEDATLAS (Rixen et al. [2005]).
Nous validons ces estimations sur la dernie`re decennie par comparaison avec les donne´es
GRACE et les donne´es altime´triques corrige´es du meˆme niveau ste´rique. Nous estimons
ensuite les diffe´rents facteurs qui font varier la masse de la Me´diterrane´e. 5 facteurs ont un
impact sur la masse d’eau du bassin : l’e´vaporation, les pre´cipitations, le de´bit des fleuves
affluents et les de´bits aux de´troits de Bosphore et de Gibraltar. La somme des de´bits des
fleuves et du de´bit au de´troit de Bosphore forme une contribution faible a` la masse de la
Me´diterrane´e. Elle est d’un ordre de grandeur infe´rieur aux autres contributions (Mariotti
et al. [2002]). Meˆme si elle est ne´gligeable, nous l’estimons avec le mode`le couple´ atmo-
sphe`re-oce´an Protheus System (The PROTHEUS Group et al. [2009]). Pour l’e´vaporation
et les pre´cipitations, nous disposons d’estimations qui remontent aux anne´es 1950 graˆce
au re´analyses atmosphe´riques. Nous choisissons les bases de donne´es OAFlux (Yu et al.
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[2008]), REOFS (Smith et al. [2008]) et GPCP (Adler et al. [2003]) pour les calculer. En
revanche nous ne disposons pas de mesures du de´bit a` Gibraltar sur la pe´riode 1970-2006.
Nous proposons donc de calculer cette contribution a` l’aide des autres contributions a` la
masse de la Me´diterrane´e en supposant le bilan de masse du bassin comme ferme´. Ceci
nous donne la premie`re estimation publie´e du de´bit a` Gibraltar entre 1970 et 2006 base´e
sur des mesures uniquement (excepte´ pour la faible contribution du de´bit des fleuves et du
de´troit de Bosphore obtenue a` partir d’un mode`le). Nous validons ensuite notre bilan de
masse par comparaison avec le mode`le Protheus System. L’estimation du de´bit a` Gibraltar
s’ave`re en accord avec celle du mode`le ce qui donne confiance au bilan de masse de la mer
Me´diterrane´e que nous proposons. Ceci nous permet de mettre en e´vidence que la tendance
du niveau de la mer en Me´diterrane´e entre 1970 et 2006 s’explique par une augmentation de
masse. Aux e´chelles de´cennales, en revanche, les variations de masse apparaissent faibles car
le de´bit au de´troit de Gibraltar compense les variations de masse duˆes aux pre´cipitations
et a` l’e´vaporation a` la surface du bassin. Ceci est moins vrai aux e´chelles inter-annuelles
pour lesquelles les variations de masse sont plus fortes. A ces e´chelles le de´bit des fleuves
semble jouer un roˆle non ne´gligeable.
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Two-dimensional reconstructions of the Mediterranean sea level corrected for the atmospheric effects are
proposed at monthly interval over the period 1970–2006 using 14 tide gage records and 33-year long (1970–
2002) sea level grids from the NEMOMED8 regional ocean circulation model (NM8) and the PROTHEUS System
Atmosphere–Ocean coupledmodel (PS). They are comparedwith a similar reconstruction using decade-long sea
level grids from altimetry (Topex/Poseidon and Jason1) and a published reconstruction by Calafat and Gomis
(2009). Tests with extra tide gages, not used in the computation, show that interannual variability is better
capturedwhen using long (33-year) spatial grids. In particular the NM8-based reconstruction reproduces better
the sea level variability at all independent tide gages. An empirical Orthogonal Function decomposition of this
reconstruction over 1970–2006 shows that the temporal curve of the two first modes are highly correlatedwith
theNorth Atlantic Oscillation.Wenote in particular different behaviors over the 1970–1994 and 1994–2006 time
spans. Results suggest that the North Atlantic Oscillation forcing modified the spatial patterns of the
Mediterranean sea level around the year 1993 close to the date of occurrence of the Eastern Mediterranean
Transient (amajor change in thedeepwater formationof the Levantine and Ionianbasin that occurred in theearly
1990s).
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
Long term sea level rise is a critical issue of the global climate change
because of its potential huge impacts (IPCC 2007). It has been
extensively studied in recent years in order to understand the driving
mechanisms of its spatial and temporal variability. Since 1993, sea level
is accurately monitored by satellite altimetry (i.e. Topex/Poseidon,
Jason1, Jason2 and Envisat among others) with a global coverage and a
short revisit time. Theseobservationshave shownthat sea level doesnot
rise uniformly. In some regions it rises faster than the global average
while in others, the rise is slower (Bindoff et al., 2007). Cabanes et al.
(2001), and then Lombard et al. (2005) showed that most of these
regional variations could be explained by the geographical variations of
ocean thermal expansionalthough someotherprocessesmayalsoplaya
role in regional sea level trends (e.g. the solid Earth response to the last
deglaciation, Milne et al., 2009). A number of studies have shown that
spatial trend patterns in thermal expansion are not stationary but
fluctuate in space and time in response to forcingmodes of the coupled
Atmosphere–Ocean system, such as ENSO (El Nino-Southern Oscilla-
tion), PDO(PacificDecadalOscillation),NAO(NorthAtlanticOscillation)
and others (Lombard et al., 2005; Bindoff et al., 2007). Thus the regional
variability seen by satellite altimetry over 1993–2009 is likely not
representative of the past few decades.
However it is important to know past regional variability and
understand how it changes with time on interannual/decadal/multi-
decadal time scales. This helps to understand the local dominantmodes
of variability and assess the potential regional impacts of sea level rise. It
is particularly important in vulnerable populated area such as the
Mediterranean basin. Unfortunately, for the past decades, there are no
direct basin-scale observations informing on spatial trend patterns in
Mediterranean sea level. In this study, we develop a reconstruction
methodof pastMediterranean sea level (since 1970) that combines long
tide gage records of limited spatial coverage with 2-D sea level patterns
based either on satellite altimetry or on runs from Regional Ocean
circulation Models (here after noted ROM) (see Section 2 below for the
description of the models). Gridded time series that cover the whole
Mediterranean basin over the tide gage records time span are obtained
as a result, giving some information on the past spatial trend patterns
variability in Mediterranean sea level.
Global and Planetary Change 77 (2011) 49–61
⁎ Corresponding author at: LEGOS, 14 Avenue Edouard Belin, 31400 Toulouse,
France. Tel.: +33 5 61 33 29 90; fax: +33 5 61 25 32 05.
E-mail address: benoit.meyssignac@legos.obs-mip.fr (B. Meyssignac).
0921-8181/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.gloplacha.2011.03.002
Contents lists available at ScienceDirect
Global and Planetary Change
j ourna l homepage: www.e lsev ie r.com/ locate /g lop lacha
Such a reconstruction method has previously been developed for the
global sea level over the past 50 years by Church et al. (2004) and Llovel
et al. (2009). For the Mediterranean sea, a regional reconstruction is also
available from Calafat and Gomis (2009) (hereafter C&G). They used the
optimal interpolation method of Kaplan et al. (2000) (as used in Church
et al., 2004) to interpolate the long tide gage records with the spatial
patterns of the 2-D sea level grids from altimetry. In this studywe expand
the earlier work of C&G by reconstructing with the same method, the
atmospheric-corrected Mediterranean sea level variability. Indeed, C&G
did not correct the sea level data for the inverted barometer – IB – effect
(the response of the sea surface to atmospheric pressure). In the
Mediterranean sea, this signal is strong (Tsimplis and Josey (2001),
Marcos and Tsimplis (2007)). If one is interested in the climate variability
signalonly, it shouldbe removed.Bymakinguseof atmospheric-corrected
Mediterranean sea level we get a closer view of the long-term, non-
meteorological influence on the Mediterranean sea level. The study by
C&G used as well spatial patterns (spatial component of the EOFs of the
sea level, see Section 2) deduced from satellite altimetry over a limited
time span (13 years: 1993–2006), a period affected by the strong change
in the central and eastern Mediterranean circulation that occurred in the
early 1990s: the Eastern Mediterranean Transient (EMT hereafter)
(Roether et al., 1996; Klein et al., 1999; Lascaratos et al., 1999; Theocharis
et al., 1999; Zervakis et al., 2004; Roether et al., 2007). The EMT is
characterized by a change in the Eastern Mediterranean deep water
characteristics. For almost theentire20th century, thesedeepwaterswere
of Adriatic origin, and in the early 1990s they were formed in the Aegean
Sea after some climatic events; among them, a change in the surface
circulation of the Ionian and Levantine basin (Malanotte-Rizzoli et al.,
1999; Samuel et al., 1999; Theocharis and Kontoyiannis, 1999), an intense
winter convection in the Aegean Sea in 1987 and two successive very cold
winters in the Aegean Sea in 1992 and 1993 (Josey, 2003; Beuvier et al.,
2010). The EMT impacted the Mediterranean circulation during the 1990
and still has an influence nowadays (Roether et al., 2007). It seems to be
responsible for a change of surface circulation from anti-cyclonic to
cyclonic in the Ionianbasin in1998 (Tsimplis et al., 2009;Vera et al., 2009)
andmay have interannual to interdecadal impacts on sea level variability
as suggested by Tsimplis et al. (2005). In particular the EMT is likely to
have strongly impacted the Mediterranean sea level patterns over the
short altimetry period, making them exceptional and poorly representa-
tive of the past decades patterns. This non-stationarity of the sea level
patterns in timeand space canalter the reconstructionof thepast sea level
(see Llovel et al., 2009). By making use of short term sea level spatial
patterns from altimetry that are dominated by the EMT, C&G reconstruc-
tion may be too much influenced by this exceptional event which seems
to have occurred once in the XXth century (Beuvier et al., 2010). In this
study, in addition to a reconstruction based on short term sea level
patterns deduced from altimetry (like in C&G), we develop two other
reconstructions on the basis of long-term sea level patterns deduced from
models instead of altimetry on the assumption that they better capture
the decadal variability of the spatial trend patterns.
The long-term sea level patterns are computed from long runs of
ROM of the Mediterranean basin: the ARPERA-forced NEMOMED8
model (Sevault et al., 2009; Beuvier et al., 2010; Herrmann et al., 2010)
(NM8 here after) and the coupled model PROTHEUS SYSTEM (Artale
et al., 2009) (PS here after). These long-term model outputs (we took
33 years of simulation; between 1970 and 2002 because the PS model
ends in2002, see below) are usedwith thehope that theyprovidebetter
representative sea level patterns of the whole reconstructed period
1970–2006 (instead of only the EMT period). The resulting reconstruc-
tions are compared to an altimetry-based reconstruction computed
with the same tide gage dataset, and with the C&G reconstruction
corrected a posteriori for the Inverse Barometer – IB – effects over the
common period (i.e. 1970–2000).
The advantage of the approach proposed in this study is twofold:
(1) the direct reconstruction of the IB-corrected sea level variability
should ensure a reliable reconstruction of the low residual sea level
variability only influenced by non-meteorological effect in the Medi-
terranean region, (2) the 33-year long coverage of the ROM grids in
principle minimizes the possible non stationarity of the spatial patterns
during the altimetry period (because of the exceptional EMT event).
The structure of thework is as follows.Wefirst select andprocess the
data used to carry out the 3 reconstructions (i.e. the tide gage dataset
and the 2-D sea level grids from altimetry and the two ROMs. See
Section 2). The methodology of sea level reconstruction is presented in
Section 3. In Section 4, the results of the three reconstructions over
1970–2006, in terms of Empirical Orthogonal Functions (EOFs) and
maps of spatial trends, are given and validated by comparisons with
altimetry and extra tide gage records not used in the reconstruction
processes. All results are summarized, discussed and compared in
Section 5 before the conclusion.
2. Datasets processing
2.1. Tide gage records
The tide gage records used for the reconstruction were selected
among the monthly sea level series available from the database of the
Permanent Service for Mean Sea Level (PSMSL) (Woodworth and
Player, 2003). The longest continuous records were chosen to get the
longest reconstruction. Only 10 records longer than 40 years were
available while a minimum of 13 records is needed to get a consistent
reconstruction (see Section 4). The best trade-off between longest time
span and minimum number of tide gage records made us finally select
13 records from the PSMSL database that span the 36 years period:
1970–2006. All these records are on the north coast of the Mediterra-
nean. To compensate this geographical bias, an extra tide gage record
from Alexandria (Egypt) over 1970–2006 was added. The Alexandria
record is incomplete in the PSMSL database. However, an updated
recordwas provided to us byO. Frihy of the Coastal Research Institute at
Alexandria (Frihy et al., 2010). The tide gage dataset used for the
reconstruction had finally 14 records sparsely distributed around the
Mediterranean.
The location of the 14 tide gages is shown in Fig. 1 (black dots). All
records (except Alexandria) are Revised Local Reference (RLR) data. The
RLR label ensures that the records do not contain datum shifts resulting
from re-leveling adjustments reported by the PSMSL datum history. In
this study the reduction to common reference datum is useless since the
reconstruction process uses changes in tide gage sea level instead of
absolute tide gage sea level (see Section 3) but jumps in the records
would have undoubtly an impact on the decadal reconstructed sea level
variability if not corrected. For this reason, the Alexandria record was
checked with a shift detector based on the generalized likelihood ratio
statistic developed by Becker et al. (2009) to verify that no datum shifts
was to be found over the 1970–2006 period. Moreover we checked that
the updatedAlexandria tide gage record (Frihy et al., 2010) is consistent
with the Alexandria record from the PSMSL over the common period
1970–1989. Among the 13 records left, somepresented gaps larger than
2 years: Soudhas (Greece), Siros (Greece) and Marseille (France). For
the Soudhas that ends in 2002, and the Siros record that has a gap of
13 years between 1984 and 1997, PSMSL provides some extra data
called metric record: the term “metric” refers to non-RLR records in the
PSMSL database. Sowe completed themuntil 2006with their respective
metric record. The RLR recordswere concatenatedwith their respective
metric record ensuring that the global mean equaled the mean of the
long RLR record. The Marseille RLR record only shows a small gap
of ~2.5 years between 1996 and 1999. Following the same approach,we
completed this gap with the Toulon record since these records show a
very high correlation of 0.90 (at a significance level (SL) of more than
99%) over the common time span. For the Venezia (Punta della Salute)
record ending in 2000, no metric record was actually available from
PSMSL but the Italian tide gage network (www.idromare.it) provides
data that covers theperiod1986 to 2010.Wecompleted theVeneziaRLR
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record using data from Idromare website concatenating the two
datasets. The Malaga tide gage record span the whole reconstruction
period but it shows an unrealistic large trend of 13.9 mm/yr over the
period 1993–2010 while the RLR records of its neighbor tide gages
present much lower trends, of the order of 6 mm/yr (6.0 mm/yr for
Algeciras, 6.6 mm/yr for Tarifa over the sameperiod). The new tide gage
situated in Malaga (so called Malaga II in the PSMSL database) shows a
similar trend of 6.0 mm/yr. When comparing both tide gages (Malaga
and Malaga II), it appears that they fit well over the period
1993.0–1996.5 but beyond the data gap of 1997, the Malaga record
drifts upward at a rate of 9.6 mm/yrwith respect to theMalaga II record.
Assuming that the record of Malaga II is more reliable (its trend
over 1993–2010 is consistent with Tarifa and Algeciras) we replaced
the record of Malaga by the record of Malaga II over the common period
1993–2010, ensuring that over the period of agreement (1993.0–1996.5)
the two records agree. In each of the 14 records, the small gaps
that remained (smaller than 2 years) were filled in with a linear
interpolation.
To focus on the interannual and decadal time scale of the sea level
variability, before filling the gaps and applying the IB correction, we
removed from the records the annual and semi annual signal through a
harmonic analysis. The analysis was done on the common period
1970–2006 to allow the fitting of a consistent signal in the dataset
since the annual cycle is not constant in time (Marcos and Tsimplis,
2007).
The tide gage datawere corrected fromthe static inverted barometer
response (IB) of sea level to atmospheric loading using surface pressure
fields from the National Centers for Environmental Project (NCEP)
(Kalnay et al., 1996).
Tide gages measure sea level relative to the ground, hence also
register vertical groundmotions. For comparison or combination with
altimetry-based sea level data (which are free from ground motions),
vertical displacements need to be corrected for. While most tide gage
analyses account for the Glacial Isostatic Adjustment (GIA hereafter)
whose correction is available from models (Peltier, 2004; Stocchi and
Spada, 2009), other contributions such as tectonics, volcanism,
sediment load for which little quantitative information is available,
are generally neglected. Nevertheless estimates of the total vertical
displacements at some tide gage sites have been obtained thanks to
GPS techniques (Steigenberger et al., 2006; Woppelmann et al., 2007,
2009). In this study we use land motion estimates by Woppelmann
et al. (2009), to correct the tide gages of Marseille, Venezia, Dubrovnik
and Ceuta of their vertical displacement. For other tide gages, where
these correctionswere not available, we only took into account theGIA
effect using the model of Stocchi and Spada (2009).
2.2. Satellite altimetry dataset
To estimate the spatial structure of Mediterranean sea level
variability, the first option was to use the AVISO satellite altimeter
dataset (as in C&G).Weekly high resolutionmaps of sea level anomalies
refined over the Mediterranean Sea were obtained from AVISO (http://
www.aviso.oceanobs.com) on a 1/8° regular grid for the 13 year period
January 1993–December 2005 (http://www.aviso.oceanobs.com/en/
data/products/sea-surface-height-products/regional/m-sla-mediterra-
nean/index.html). We used the DT-MSLA “Ref” series computed at CLS
by combining several altimeter missions, namely: Topex/Poseidon,
Jasons1 and 2, Envisat and ERS 1 and 2. It is a global homogenous
intercalibrated dataset based on global crossover adjustment (Le Traon
and Ogor, 1998) using Topex/Poseidon and then Jason1 as reference
missions. The Mediterranean DT-MSLA “Ref” series are a subsampled
dataset filtered and corrected from the longwavelength error (Le Traon
et al., 1998) with specific regional criteria dedicated to the Mediterra-
nean basin. These data are corrected from tides, wet/dry troposphere
and ionosphere (see Ablain et al., 2009 for more details). The IB
correction has also been applied in order to minimize aliasing effects
(Volkov et al., 2007) through the MOG2D barotropic model correction
(Carrere and Lyard, 2003) that includes the dynamic ocean response to
short-period (b20-day) atmospheric wind and pressure forcing and the
static IB correction at periods above 20-day (see Carrere and Lyard, 2003
for details).
We removed the annual and semi annual signal from the dataset
through a harmonic analysis over the whole period (January 1993–
December 2007). We corrected as well the altimeter-derived sea level
from the GIA correction provided by Stocchi and Spada (2009) over the
Mediterranean Sea. At this regional scale, theGIA correction value is of the
order of−0.24 mm/yr (between−0.26 mm/yr and−0.22 mm/yr).
Fig. 1. Trend maps over 1993–2000 from altimetry (a), PS (b) and NM8 (c).
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2.3. Mediterranean circulation models outputs
As an alternative option to capture the long-term (~20 year periods)
spatial structures of Mediterranean sea level variability, we tested the
reconstructionwith gridded sea level fields obtained from two different
ROM simulations: NM8 (Sevault et al., 2009; Beuvier et al., 2010) and PS
(Artale et al., 2009).
2.3.1. The NM8 model
The high resolution model NM8 is a Mediterranean configuration of
theNEMOoceanmodel (Madec, 2008). It has anhorizontal resolution of
1/8°×1/8° and a vertical resolution of 43 non-uniform levels (with a
resolution varying from 6 m at the surface and 200 m at the bottom).
The evolution of the surface of the sea is parametrized by a filtered free-
surface (Roullet andMadec, 2000).During the simulation, the volume of
the Mediterranean sea is kept constant by redistribution of the
evaporated water in the Atlantic buffer zone. The model was used in a
simulation over the 1961–2008 period from which we extracted the
33 year period: 1970–2002 (this 33 year simulation will be referred
here in after as the NM8 simulation) (Herrmann et al., 2010).
The atmospheric forcing is based on a dynamical downscaling of the
ERA40 (Uppala et al., 2005) and of the ECMWF reanalysis filtered at the
ERA40 resolution after year 2001. This dynamical downscaling is based on
a spectral nudging technique that constrains the large scales (N250 km)of
the prognostic variables (air temperature, wind components and
logarithm of the surface pressure) to follow the ERA40 chronology and
that lets the smaller scales (from 250 km to 50 km) free to develop. The
spatial filtering of the ECMWF analysis fields and the non-nudging of the
humidity field allow keeping as much as possible a temporal consistency
in 2001. The downscaling used in this simulation is named ARPERA
(Herrmannand Somot, 2008;Herrmann et al., 2010), itwas carried out by
the climate model ARPEGE-Climate (Déqué and Piedelievre, 1995). It
allows getting high resolution (50 km along the horizontal directions)
forcing with a real temporal chronology over the Mediterranean basin.
Here the daily mean fields of momentum, fresh water flux (Evaporation
minus Precipitations) and net heat flux from ARPERA were used to force
NM8 ensuring that NM8 is driven by high resolution air-sea fluxes,
homogeneous over the simulation duration (no changes in the ARPEGE
configuration between 1970 and 2006) with a realistic interannual
variability. The NM8 simulation was forced by climatologic interannual
values for the river runoff fluxes, the Black sea inflow and the Atlantic
boundary conditionswhenavailable or climatologic values otherwise (see
Herrmann et al., 2010 for more details). The simulation used here started
in August 1960 after a 15-year spin-up under the 1960s atmosphere
conditions. The initial conditions were also representative of the 1960s
followingdata fromRixen et al. (2005). Besides a careful overall validation
of theNM8 simulation, it has been proved that theNM8 simulation forced
by ARPERA air–sea fluxes gives a very realistic representation of the EMT
event in the 1990s (Beuvier et al., 2010) and of the Western
Mediterranean Deep Water formation (Herrmann et al., 2010). This
Fig. 2. Trend maps over 1993–2000 from altimetry-based reconstruction (a), Calafat reconstruction (b), PS-based reconstruction (c) and NM8-based reconstruction (d).
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version of NM8 includes the coding of the sea level including the absolute
steric sea level but excluding the pressure effect and the changes in the
Atlantic Ocean sea level.
2.3.2. The PS model
The PS model is an Atmosphere–Ocean regional climate model for
the Mediterranean basin. It is composed of the RegCM3 atmospheric
regional model (Pal et al., 2007) and a Mediterranean configuration of
the MITgcm ocean model (Artale et al., 2009) coupled through the
OASIS3 coupler (Valcke and Redler, 2006). In the current study, we only
use the outputs of the ocean component of PS that is to say TheMITgcm
model. It is a free-surface model with 1/8°×1/8° horizontal resolution
and 42non-uniformvertical levels (with a resolution varying from10 m
at the surface and 300 m at the bottom). The volume of the
Mediterranean sea is kept constant during the 37 year simulation as in
NM8 but since the freshwater forcing (Evaporationminus Precipitation
minus river runoff) is applied as a virtual salt flux, here the net volume
transport through the Strait of Gibraltar is zero. Atmospheric forcing
(wind stress, heatfluxes, evaporation and precipitation) is computed by
the RegCM3 (RegCM3 is a 3-dimensional, sigma coordinate hydrostatic
regional climate model with a uniform horizontal resolution of 30 km).
Only the river runoff fluxes are climatologic values computed apart
(Struglia et al., 2004). The inflow from the Black sea is considered as an
extra river flux. In this simulation the lateral boundary conditions are
suppliedby the ERA40 reanalysis (Uppala et al., 2005)while theMITgcm
component provides the Sea Surface Temperature (SST) field.
The PS run starts in1958andends in2002. For consistent comparisons
with the NM8 model, we extracted from this simulation the 33 years
period 1970–2002.
Fromboth simulations, total sea level change is computed as the sum
of circulation and steric components. The circulation sea level change is
given by the surface deformation while the steric sea level change is
deduced at each grid point from the vertical integration of the specific
volume anomaly caused by temperature and salinity anomalies. When
computing global mean sea level from ocean reanalyses, it is classical to
apply a basin-averaged, time-varying factor corresponding to the
uniform steric effect (as explained by Greatbatch, 1994). However,
here this correction is useless because we remove the total basin-
average timevarying sea level from themodels (and the altimetrywhen
it is used). Indeed we only use the spatial patterns of the sea level from
the models (or the altimetry) to interpolate the tide gage records and
reconstruct the past Mediterranean sea level. Moreover since we are
only interested in the interannual tomultidecadal sea level fluctuations,
the annual and semi annual signalswere removed aswell from both sea
level fields through an harmonic analysis over thewhole period January
1970–December 2002.
Fig. 1 shows the trends over 1993–2000 of the sea level computed
from a) altimetry, b) the PS run and c) the NM8 run. The very good
agreement between the three maps confirms that the two ROM runs
reproducewell theMediterranean sea level at least over the last decade.
The signal in the ROM runs appears slightly smaller but the negative
patterns of theWestern and Ionian basin and the positive pattern of the
Aegean basin are consistent with the altimetry.
Fig. 3. Correlation maps over 1993–2000 between altimetry and our altimetry-based reconstruction (a), C&G reconstruction (b), PS-based reconstruction (c) and NM8-based
reconstruction (d).
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3. Reconstruction methodology
Themethod used to reconstruct past (over 1970–2006) sea level in 2
dimensions over the Mediterranean Basin is based on the reduced
optimal interpolation described by Kaplan et al. (2000) and used by
Church et al. (2004) and C&G to reconstruct past sea level. The idea
consists in interpolating in 2-D the long tide gage records thanks to a
time varying linear combination of the spatial patterns of a 2-D sea level
grid (eitherAltimetryor ROMs). Thismethodhas 2 steps. In thefirst step
an EOF decomposition (Preisendorfer, 1988; Toumazou and Cretaux,
2001) of a 2-D sea level grid (from altimetry or a Regional Circulation
Model) is done. This decomposition allows to separate the spatiallywell
resolved signal (here represented by a matrix H, with m lines for each
spatial point andn columns for each date) into spatialmodes (EOFs) and
their related temporal amplitude as follow:
H x; y; tð Þ = U x; yð Þα tð Þ: ð1Þ
In this equation U(x,y) stands for the spatial modes and α(t) for
their amplitude. Assuming that the spatial modes U(x,y) are
stationary in time (see the discussion below), we deduce that the
reconstructed sea level field of the Mediterranean basin over the long
period 1970–2006 (called hereHR(x,y, t)) has an Empirical Orthogonal
Decomposition as follow:
HR x; y; tð Þ = U x; yð ÞαR tð Þ
where αR(t) represents the new amplitudes of the EOFs over 1970–2006.
The second step consists of computing the new amplitudes over
thewhole period 1970–2006 thanks to the tide gage records. It is done
through a least square optimal procedure that minimizes the
difference between the reconstructed field and the tide gage records
at the tide gage locations.
In the first step, the EOFmodes and amplitudes of the 2-D sea level
grids are computed through a singular value decomposition approach,
such that:
H = USVt ð2Þ
whereU(x,y) still stands for theEOF spatialmodes, S is a diagonalmatrix
containing the singular values of Hand Vrepresents the temporal eigen
modes. At this stage the amplitude of the EOF modes can be simply
written as α(t)=SVT. Conceptually, each EOF k (kth column of U(x,y)
multiplied by the kth line of α(t):Uk(x,y).αk(t)) is a spatio-temporal
pattern of sea level variability that accounts for a percentage of the total
variance of the sea level signal.
The low-order EOFs (eigenvectors of the largest singular values)
explain most of the variance and contain the largest spatial scales of the
signal. The higher-order EOFs contain smaller spatial scale patterns and
are increasingly affected by noise. Besides, their amplitude is decreas-
ingly well resolved by the least squares procedure because the
sparseness of the set of in situ gages does not allow resolving too
small scale patterns. For efficiency, the reconstruction over the
Mediterranean basin uses a subset of the Mlowest-order EOFs (the
best fit between maximum variance explained and minimum noise
perturbation led us to choose M=3, which account for at least 69% of
Fig. 4. Comparison of the altimetry reconstruction (a), Calafat reconstruction (b), PS-based reconstruction (c) and NM8-based reconstruction (d) with the tide gages of Alicante,
Genova, Antalya II, Rodhos, Valletta, Catania and Messina (from top to bottom on the figure).
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the total variance of the sea level grid data). Consequently, the data
matrix H can be written as:
HM = UM x; yð Þ:α tð Þ
where α(t)=SMVMT is the matrix of the amplitude of theMlowest EOFs.
Following Kaplan et al. (2000), in the second step, we compute, at each
time step over the time span of the in situ records, the amplitudes by
minimizing the cost function:






In S(α),H0 is the sea level observed by the tide gages, Pis a projection
matrix equal to 1 when and where in situ records are available and
0 otherwise and Λ is a diagonal matrix of the largest eigenvalues of the
covariance matrix. R is the error covariance matrix accounting for the
data error covariance matrix (instrumental error) and the error due to
the truncation of the set of EOFs to only the first M EOFs. The second
term on the right hand side of the function is a constraint on the EOF
spectrum of the solution. It prevents the least squares procedure to be
contaminated by high-frequency noise (it filters out non significant
solutions that display too much variance at grid points without nearby
observations). The least squares procedure is then applied to the virtual
in situ tide gage records (H0). It provides the reconstructed amplitude
αR of the EOFs.
Since tide gage records are all relative to their own local datum that
are not cross-referenced over the basin, this solutionmay bepolluted by
spatial variability of the in situ tide gage records reference surface not
necessarily consistent with the altimetry reference surface or the ROM
reference surface. To copewith this problem, we have solved Eq. (3) for
changes in sea level between adjacent steps following Church et al.
(2004). Once changes in amplitude have been obtained at each time
step, the amplitudes themselves have been recovered, integrating
backward in time. The integration constants are chosen to equal the
reconstructed EOF amplitudes mean to the 2-D gridded sea level EOF
amplitude mean over the 2-D gridded sea level field period, ensuring
consistency between both sets of EOFs.
Another issue with sea level reconstruction in the Mediterranean
basin is the strong basin-average signal of theMediterranean basin. This
signal, that is contained in the tide gages, is hardly captured by the few
EOFs we use. The reason is that before the computation of the EOFs, for
each gridded times series (the 2 ROMs and the altimetry) we have
removed the basin-averaged time varying sea level (see Section 2) so
the set of EOFs we use is not adapted to reconstruct any basin average
sea level. Hence, as in Church et al. (2004), we added in the set of EOFs a
spatially uniform EOF (so called EOF0 in Church et al., 2004 and in C&G)
to capture, from the tide gages, the basin-averaged signal of the
Mediterranean in the past. An advantage of this procedure is that it
avoids pouring the strong basin-average sea level signal in different
EOFs. Note that tests carried out with and without the EOF0 resulted in
almost the same reconstructions.
Finally the reconstructed field of sea level is obtained bymultiplying
the first three EOFs plus the EOF0 with their reconstructed amplitude:
HR = UM x; yð Þ⋅αR tð Þ ð4Þ
At this point, the correction for the atmospheric effects of the tide
gage dataset and the altimetry dataset appears particularly important
because of the sparsely distribution of the tide gage data set. Indeed,
changes over time in atmospheric pressure patterns can be mis-
represented with such a sparse network of tide gages biased toward
the north of the Mediterranean basin. For example if atmospheric
pressure patterns had a bias toward the north in the past this would
be misinterpreted as a change in past global Mediterranean sea level
although it is not the case. As discussed above, beyond 20-day periods,
the correction applied to account for the ocean response to
atmospheric forcing is the static IB (1 mbar corresponds to 1 cm sea
level). It is known that in the Mediterranean Sea, there is a slight low-
frequency non static component. However this effect remains small
(a few% of the static part) and for the purpose of the present study can
be neglected (F. Lyard, personal communication).
4. Reconstructed sea level
4.1. Validation over the altimetry period
Afirstway to check the validity of the reconstructions is to look at the
reconstructed sea level over the altimetry period and check that the
reconstructed spatial trend patterns and variability are similar to the
observed one by the altimetry. Fig. 2 shows the spatial trend maps
(uniform trend removed) over 1993–2000 (because the C&G recon-
struction ends inDecember 2000) of the altimetry-based reconstruction
(Fig. 2a), the C&G reconstruction (see Fig. 2b) and from the two
ROM-based reconstructions (Fig. 2c and d). For this comparison, the
C&G reconstructionwas a posteriori corrected for the IB effect. This was
done by simply removing at each time step, NCEP IB grids to the C&G
reconstructed sea level.
We note a good agreement between the spatial trend patterns of the
reconstructed maps and satellite altimetry presented in Fig. 1a. Our
altimetry reconstruction and the C&G reconstruction are very close to
each other and they are very consistent with the satellite altimetry
signal (Fig. 1a) as expected. The only difference that can benoticed is the
lower negative pattern in the Ionian Sea in our altimetry reconstruction.
To a lesser extent, the two ROM-based reconstructed trend patterns are
consistent as well with the satellite altimetry patterns in each basin but
they show a lower negative pattern in the Ionian Sea and a lower
positive pattern in the Aegean Sea.
Table 1
Correlation and trend's differences between the independent tide gage records (indicated by stars on the maps and shown in Fig. 1) and the corresponding reconstructed time series.
Correlations and trend differences are computed over 2 different periods: until 2001 to be able to compare themwith the reconstruction of Calafat and Gomis and until 2006 to have the
correlations over the whole reconstructed time span. All the correlations computed have a significance level higher than 99% (except for the correlation between the C&G reconstruction











Correlation Trend difference in mm/yr Correlation Trend difference in mm/yr Correlation Trend difference in mm/yr
→2001 →2006 → 2001 → 2006 →2001 →2006 → 2001 → 2006 →2001 →2006 → 2001 → 2006
Alicante 0.67 −0.3±0.4 0.59 0.59 −0.1±0.4 −0.1±0.4 0.44 0.44 0.0±0.7 −0.1±0.7 0.50 0.50 1.9±0.5 1.9±0.5
Genova 0.54 −1.8±1.0 0.49 0.49 0.2±1.1 0.2±1.1 0.42 0.41 −3.4±1.1 −3.4±1.1 0.59 0.59 −1.1±1.0 −1.1±1.0
Antalya II 0.48 1.8±2.3 0.43 0.46 −1.6±2.3 −2.2±2.1 0.47 0.51 −2.5±2.0 −3.0±1.8 0.46 0.50 −2.6±2.1 −3.1±1.8
Rodhos 0.39 1.07±0.9 0.57 0.55 0.3±0.7 0.0±0.6 0.55 0.54 1.6±0.7 1.1±0.6 0.56 0.55 1.3±0.7 0.8±0.5
Valletta 0.45 −2.8±2.1 0.25 0.27 −3.8±2.5 −2.1±1.4 0.36 0.40 2.9±2.6 0.2±1.5 0.32 0.39 0.7±2.8 −0.5±1.6
Catania 0.54 −6.9±4.9 0.51 0.51 3.2±6.6 3.2±6.6 0.67 0.67 0.2±4.7 0.1±4.7 0.69 0.69 −0.4±4.2 −0.4±4.2
Messina −0.08 −27.4±6.6 0.10 0.16 −23.6±6.8 −12.4±3.7 0.30 0.28 −17.5±6.8 −11.7±3.6 0.31 0.32 −18.1±6.7 −11.0±3.6
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Fig. 5. EOF decomposition over 1970–2006 of the reconstructions. a) and b) show the modes 1 and 2 of the altimetry-based reconstruction. c) and d) show the modes 1 and 2 of the
PS-based reconstruction and e) and f) show the modes 1 and 2 of the NM8-based reconstruction. The temporal curves have been smoothed with a 12-month running mean.
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We compare as well the reconstructed sea level variability with the
observed one over the same period 1993–2000. To do so, we computed,
at each grid point, the correlation between the reconstructed time series
and the observed altimetry time series over the period 1993–2000. The
results are presented in Fig. 3. All reconstructions present positive
significant correlations in the central and easternMediterranean basins.
Correlations are less good in the western basin. C&G reconstruction
(Fig. 3b) shows particularly good correlations in the Ionian basin while
our altimetry-based reconstruction (Fig. 3a) performs less in this region.
This is probably due to the fact that C&G used the tide gage of Valletta
over 1989–2000 to do their reconstruction: it must have constrained
better their reconstructed variability in this region. Nevertheless our
altimetry-based reconstruction seems to perform slightly better in the
western basin. It is probably linked to the choice of the tide gages in this
region as well. The reconstruction that performs the best in terms of
reproduced variability over 1993–2000 appears to be the NM8-based
reconstruction (Fig. 3d). The geographically averaged correlations for
each case amount to0.46 for our altimetry based reconstruction, 0.49 for
the C&G reconstruction, 0.44 for the PS-based reconstruction and 0.50
for the NM8-based reconstruction. This clearly shows the ability of the
model-based reconstructions (especially the NM8-based reconstruc-
tion) to reproduce reliably the past sea level variability.
4.2. Validation with tide gage records
Another way to validate the reconstructions over the whole period
1970–2006 is to compare the reconstructed sea level fields with tide
gage records that were not taken into account in the reconstruction
process.
Note that the coastal tide gage records we use are monthly averages
and contain potential contributions from regional or local coastal
processes (e.g. local variability of narrow shelf currents, flooding events,
wind-forced coastal waves, etc.) aswell as landmotion unrelated to the
signal we are attempting to reconstruct here. Moreover, with the
reconstructed sea level fields, the optimal interpolation method uses
only part of the total sea level grids variance to reconstruct the total sea
level. Consequently, we expect to reconstruct only part of the total
observed variance of the tide gage records but it should be represen-
tative of the reconstruction validity.
Fig. 4 shows the comparison of the reconstructed fields with 7 tide
gage records that were not used in our reconstruction. These are the
Alicante and Genova records in thewestern basin (data from the PSMSL
database), the Valletta, Catania and Messina records in the Ionian Sea
(data from the Italian tide gage network (www.idromare.it)) and the
Rodhos and the Antalya II records in the eastern basin (data from
PSMSL). Location of the tide gages is indicated in Fig. 1 (black stars). For
each record, we applied the same corrections as explained earlier in
Section 2.1: the annual and semi annual signals were removed, and IB
and GIA corrections were applied. In Fig. 4, observed tide gage records
are plotted in red and reconstructions at the gages location are in black.
Table 1 sum up the correlation and the trend differences computed on
the basis of this figure. Fig. 4 and Table 1 illustrate the strengths and
weaknesses of each of the reconstructions (and of the tide gage records
as well):
• In thewesternMediterranean, 2 long RLR records from PSMSL, Alicante
and Genova, are available to check the reconstructions. Their variability
is fairly well reproduced (correlation ~0.5) by both altimetry
reconstructions (C&G reconstruction and our reconstruction) (Fig. 4a
and b and Table 1 columns 2 and 4). Alicante record variability is
exceptionally well reproduced (correlation of 0.67) by the C&G
reconstruction certainly because this record is used in their reconstruc-
tion process. The trends appear consistent with each other except at
Genova for the C&G reconstruction that underestimates its trend by
1.8 mm/yr. Looking at the ROM and our altimetry reconstruction over
thewhole period (until 2006) (Fig. 4b, c and d and Table 1 columns 5, 9
and 13) the NM8 reconstruction appears to perform better in term of
interannual variability.
• The variability at Antalya II is quite well reproduced by both altimetry
reconstructions with a similar correlation of ~0.45 (Fig. 4a and b and
Table 1 columns 2 and 4) but the C&G reconstruction shows a
significantly lower correlation for the Rodhos record (correlation of
0.39) than ours (correlation of 0.57). The model reconstructions
(Fig. 4c and d and Table 1 columns 9 and 13) appear homogenous over
the Levantine basin with correlations of ~0.5 with both tide gage
records (as for the altimetry reconstruction) (Fig. 4a and Table 1
column 5).
• In the Ionian basin, unfortunately we could not find long records to
check the reconstructions. The longest available record is the RLR
record of Valletta from PSMSL over 1989–2006. Two additional
records could be found in the Ionian basin, the Catania and Messina
record from the Idromare database (www.idromare.it). These are
actually too short to give a reliable verification of the reconstructed
trend but they give interesting insights on the interannual variability
of the Ionian sea level. TheMessina record was selected because of its
interesting location. However, it should be taken with caution since it
shows many suspicious jumps (in particular in 1998) as previously
noticed by Fenoglio-Marc et al. (2004). The two altimetry reconstruc-
tions (Fig. 4a and b and Table 1 columns 2 and 4) show very similar
correlations with the tide gage records except for the Valletta record
that shows higher correlation with the C&G reconstruction (probably
because this record was used in the C&G reconstruction). Over
1970–2006, the model reconstructions show consistent, and higher
correlations at all tide gages in the Ionian basin than the altimetry
reconstruction (Fig. 4a, c and d and column 5, 9 and 13 of Table 1).
They show an exceptionally high correlation of 0.68 with the Catania
record.As for the trendof theValletta record it is actuallywell resolved
only by the ROM reconstructions while it is strongly underestimated
by the altimetry reconstruction (column 6, 10 and 14 of Table 1).
4.3. Mediterranean sea level variability
In Fig. 5, we present, the 2-D reconstructed fields based on the
altimetry dataset, the PS and the NM8 runs respectively. We have
performed an EOF decomposition over the whole reconstructed time
span 1970–2006 for the three fields. Only the first 2 modes (EOF1 and
EOF2) are presented because they account for the largest percentage of
the total variance of the signal. The temporal curves have been
smoothed with a 12-month running mean in order to emphasize the
interannual variability. EOFmodes 1 of eachof the three reconstructions
(Fig. 5a, c and e) – 39, 78 and 24% of total variance respectively – show
no trend and amaximum in 1990 in its temporal amplitude. EOFmodes
2 (31, 5 and19%of total variance respectively, see Fig. 5b, d and f) exhibit
high and low frequency signal (period ~15 years) over 1970–2006. The
EOF spatial patterns differ from one reconstruction to another. We note
strong similarities between EOFmode1 patterns of each reconstruction,
with a global dipole marked by a positive pattern in the Western basin
and a negativepattern in the Levantine basin.Nevertheless they differ in
the Ionian Sea: the NM8 reconstruction shows a negative pattern
whereas the altimetry reconstruction shows a positive one and the PS
reconstruction a pattern somehow between the both. Concerning the
EOF mode 2 patterns, the three reconstructions are fairly consistent in
the Ionian and Levantine basin with a strong positive anomaly in the
Ionian and Levantine Sea and negative one in the Agean Sea. In the
western basin, the altimetry-based and the PS-based reconstructions
agree well, with a dipole positive in the eastern part while the NM8-
based reconstruction patterns are inversed there. In Fig. 6, the
reconstructed basin-average sea level (i.e., the EOF0 of each recon-
struction) is shown and compared to the satellite altimetry sea level
over 1993–2006. As for the EOFs, it has been smoothed by a 12-month
running mean to emphasize the interannual to decadal variability. The
four reconstructed sea level curves show the same decadal variability.
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Their interannual variability is very similar as well over the periods
1970–1985 and 1994–2006. But somedifferences appear between 1985
and 1995: the PS-based reconstructed basin average sea level shows a
high level that does not appear in the other reconstructions. Over the
altimetry era, all reconstructions show a mean sea level similar to the
observed, altimetry-based global mean sea level. In Fig.6, the gray zone
represents the uncertainty in the NM8-based reconstructed mean sea
level. This uncertainty is based on the sum of errors due to the least-
squares inversion (as presented in Section 3) and errors of the in situ
records. This latter error is estimated from a bootstrap method (Efron
and Tibshirani, 1993) for standard errors of the in situ water levels for
each month (significant at the 95% level).
5. Discussion
The altimetry-based reconstruction developed in this study has been
compared with the C&G one over the period 1970–2000 only, because
the C&G reconstruction stops in December 2000. We note very similar
correlations between the two altimetry-based reconstructions and the
tide gage records (Table 1, columns 1 and 3). It suggests that the two
altimetry reconstructions are consistent and that the techniques used in
C&G and the present study, end up with very close results. This means
that removing IB before the reconstruction (this study) or after has little
impact on the results.
The Valletta record cannot actually be considered as an independent
reference to compare with the two altimetry reconstructions since it is
used in C&G reconstruction (between 1995 and 2000) and not in the
other (by using only tide gage records that spanned the whole period
1970–2006 and excluding others like Valletta, we ensured the
reconstruction to be homogenous over the whole time span). As for
the Rhodos record it is not clear why it shows higher correlation with
our altimetry reconstruction. An explanation could be that our
reconstruction is more constrained in the Levantine basin thanks to
the use of the Alexandria record. But this remains to be confirmed.
Considering the reconstructed variability of the basin-averaged
Mediterranean sea level, the consistency of the two altimetry
reconstructions, while the tide gage dataset differ, gives confidence in
the robustness of the results presented by C&G and in this study.
However, the spatial trend maps do not match as well (see Fig. 7). The
twomethods lead to the samebasin-averaged trend of ~1.1 mm/yr over
1970–2000 (1.0 mm/yr and 1.2 mm/yr for C&G and this study
respectively) but differ in the trend patterns. The two reconstructions
show the same geometry in the trend patterns (positive pattern in the
Ionian Sea and in the Tyrrhenian Sea) but the C&G reconstruction
exhibits lower variability. The comparison of the reconstructions with
independent long tide gage record (Table 1) tend to show that in the
western basin the trends of our altimetry-based reconstruction are
closer to the trends observed at tide gages (see columns 3 and 6 of
Table 1 for the Alicante and the Genova records). In the eastern basin,
the C&G reconstruction tend to overestimate the trends by ~1 mm/yr
while our altimetry reconstruction tend to underestimate the trend at
Antalya, as shown by the comparison with the Antalya and the Rodhos
tide gage trends. In the Ionian basin the tide gage trends used for the
validation are not reliable because of too short records. Both
reconstructions seem to underestimate the trend at Valletta, but we
cannot extrapolate for the rest of the Ionian Sea.
The three reconstructions presented here (altimetry and ROM
based) have been computed by the same process (same tide gage
dataset). They only differ by the initial sea level grids used to estimate
the spatial variability statistics of theMediterranean sea level. Looking at
the correlations (Table 1, columns 5, 9 and 13) we note a good
consistency of the three reconstructed sea level fields: the correlations
of each reconstructionwith independent tide gages never differ bymore
than 0.2 from one another. Looking more carefully, both model
reconstructions appear particularly consistent since their correlations
with tide gages do not differ by more than 0.06, except for the Genova
record which has a surprising very low correlation with the PS
reconstruction. Hence the two models give similar reconstructed
interannual variability. This point gives confidence in the robustness
of the model-based reconstruction process. Among the three
reconstructions, even if they show similar results, the NM8 reconstruc-
tion shows the highest correlations with the test tide gages.
At sub-basin scale, the conclusion is less clear. Some discrepancies
appear among the reconstructions. While in the eastern basin, the
three reconstructions have similar correlations with the test tide
gages, in the western basin, the NM8 and the altimetry reconstruction
show higher correlation (see columns 5, 9 and 13 of Table 1 for the
Antalya and Rodhos records).
It is in the Ionian Sea where the highest discrepancies can be seen:
bothmodel reconstructions showsignificanthigher correlationwith the
test tide gages of Valletta, Catania and Messina than the altimetry
reconstruction. As said earlier, the Ionian basin waters have been
strongly impacted by the EMT. This event impacted the Mediterranean
circulation during the 1990s until now (Roether et al., 2007) and seems
to be responsible for a change in surface circulation, from anti-cyclonic
to cyclonic in the Ionian basin in 1998 (Vera et al., 2009). This change in
circulation is characterized by the very strong negative pattern in the
Ionian Sea that can be seen in the trend maps of the models and the
altimetry over the period 1993–2000 (see Fig. 2) (Vera et al., 2009). This
exceptional signal dominates the altimetry EOFs since the altimetry
dataset only cover the EMT-period (i.e. since 1993). It is less strong in
both model-based reconstructions because they capture a long term
Fig. 6. Basin-average sea level from Satellite altimetry (black dashed line), our altimetry-based reconstruction (blue plain line), the C&G reconstruction (cyan plain line), the PS-based
reconstruction (green plain line) and the NM8-based reconstruction (red plain line). The temporal curves have been smoothed with a 12-month running mean.
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signal not dominated by the EMT event. This could explain the
difference of correlations between the reconstructions in the Ionian
basin. Looking at Fig. 4a, c and d, the model-based reconstructions
appear indeed to better reconstruct the signal prior to the 1990s for the
Valletta record for example.
In terms of trends over the period 1970–2000, the three re-
constructions of this study plus C&G present strong discrepancies.
Only the ROM reconstructions appear to properly reconstruct the
Valletta record trend (Table 1 column 15). In the western basin the
altimetry-based reconstruction (of this study) is the only one that seems
to reproduce both the Genova and Alicante trends. In the eastern basin
the trends of Rodhos and Antalya II are not captured by any
reconstruction despite their proximity. This point highlights the
sensitivity of this region.
The NM8 reconstruction shows better interannual to decadal
reconstructed variability so itwas used as the reference reconstruction
to investigate the potential past influence of some forcingmodes of the
coupled Atmosphere–Ocean system on the Mediterranean sea level.
Fig. 8 compares the amplitude of EOF1 and of the negative EOF2 of the
NM8 reconstructionwith the North Atlantic Oscillation –NAO – index.
For the NAO index we used the monthly index from the Climate
Analysis Section NCAR at Boulder, USA (Hurrell, 1995) based on the
difference of normalized sea level pressure between Ponta Delgada
(Azores) and Reykjavik (Iceland). The NAO index was smoothed by a
12-month running mean and compared to the EOFs of the NM8
reconstruction (smoothed as well by the 12-month running mean). It
turns out that before ~1993.5 (date indicated by a gray bar in Fig. 8),
the EOF1 temporal curve of the NM8 reconstruction shows a
correlation with the NAO index of up to 0.60 (with a significance
level N0.99) while over the period 1993.5–2006 the correlation gets
down to −0.37. On the other hand, after ~1993.5 the negative EOF2
temporal curve of the NM8 reconstruction shows a high correlation
with NAO index of 0.54 (with a SL N0.99) while over the period
1970–1993.5 it only amounts to−0.30. It is interesting to note that the
correlation with NAO switches from EOF1 to EOF2 at the epoch of the
EMT occurrence.
6. Conclusions
Concerning the interannual/decadal variability of the Mediterra-
nean sea level, the overall agreement of the reconstructions with each
other and with the test tide gage records gives confidence in the
reconstructed sea level fields. The comparison of model-based
reconstructions and altimetry-based reconstructions confirms this
robustness since they agree on global scale. At sub-basin scale, the
ROM-based reconstructions (especially the NM8-based reconstruc-
tion) perform better in the Ionian basin than altimetry-based, and this
is probably due to a too strong representation of the EMT event in the
altimetry EOFs. This point highlights the advantage of using long ROM
Fig. 7.Map of sea level trends over 1970–2006 of a) the altimetry reconstruction., b) the C&G reconstruction, c) the PS reconstruction and d) the NM8 reconstruction. For each map
we have removed the basin-averaged sea level trend computed over 1970–2006which is of 1.2 mm/yr for the altimetry reconstruction, 1.0 for the C&G reconstruction, 0.8 mm/yr for
the PS reconstruction and 1.4 mm/yr for the NM8 reconstruction.
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runs for reconstructing sea level as they capture long-term ocean
spatial structure and better reconstruct past sea level.
In termof trends over 1970–2000, no agreementwas foundbetween
the different reconstructions: the reconstructed fields show trends that
differ from the long tide gage record trends by up to 2 mm/yr. Themain
reason of this difference is probably linked to the Mediterranean sea
level interannual to multidecadal variability (of more than 100 mm
from one year to the next see Fig. 4). Thus the records are too short to
precisely estimate trends. Nevertheless the results suggest that the
ROM-based reconstructions give the better trend estimate in the Ionian
Sea while the altimetry reconstructions seem to be closer to real trends
in the western basin. To sum up, the NM8-based reconstruction shows
the highest correlation with test tide gages. The mean sea level trend
reproduced by the NM8 reconstruction is of 1.4 mm/yr (over
1970–2000).
Gomis et al. (2008) andMarcos and Tsimplis (2008) >showed that
the NAO drove the atmospheric-induced (wind stress+atmospheric
pressure) sea level variability in the Mediterranean basin between
1960 and 1990. Here the comparison of the NM8 reconstruction
EOFs with the NAO index suggests that between 1970 and the
beginning of the 1990s, NAO forcing strongly impacts as well the IB-
corrected Mediterranean sea level variability. But since then, NAO
forcing has modified its impact on the sea level spatial patterns.
The strong impact of the basin-scale water mass redistribution
after the EMT event that lasted at least a decade probably plays
some role (Herrmann et al., 2010). This redistribution could have had
an impact on the steric component (East–west gradient) and on the
circulation component (Ionian Sea) at decadal time scale. But the
mechanism for this needs further investigation. In particular, further
study using sensitivity runs with regional ocean models has to be
done to better attribute the Mediterranean sea level variability in the
90s.
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Long-term variability of the net water flux into the Mediterranean Sea at the Gibraltar Strait over the period
1960–2009 is explored based on an approach combining multiple observational datasets and results from a
regional climate model simulation. The approach includes deriving Gibraltar net inflow from the application
of the Mediterranean Sea water budget equation using observationally based estimates of mass variation,
evaporation, precipitation and simulated river discharge and Bosphorus Strait water fluxes. This derivation
is compared with results from a simulation using the PROTHEUS regional ocean–atmosphere coupled
model considering both individual water cycle terms and overall Gibraltar water flux.
Results from both methodologies point to an increase in net water flux at Gibraltar over the period
1970–2009 (0.8+/−0.2 mm/mo per year based on the observational approach). Simulated Gibraltar net
water flux shows decadal variability during 1960–2009 including a net Gibraltar water flux decrease during
1960–1970 before the 1970–2009 increase.
Decadal variations in net evaporation at the sea-surface, such as the increase during 1970–2009, appear to
drive the changes in net inflow at Gibraltar, while river runoff and net inflow at the Bosphorus Strait have
a modulating effect. Mediterranean Sea mass changes are seen to be relatively small compared to water
mass fluxes at the sea surface and do not show a long-term trend over 1970–2009. The Atlantic
Multi-decadal Oscillation (AMO) and the North Atlantic Oscillation (NAO) are relevant indirect influences
on net water flux at Gibraltar via the influence they bear on regional evaporation, precipitation and runoff.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction
As the Mediterranean Sea is a semi-enclosed basin, connected with
the open Atlantic Ocean only at the Gibraltar Strait, the fluxes of water
and salt through this Strait bear a major influence on the state of the
Sea with impacts on the mass, salt and energy budgets. A net water in-
flow at Gibraltar (G) results from incoming fresh and cool Atlantic
water and outflowingwarm and saltyMediterraneanwater. Climatolog-
ically, net inflow of water at Gibraltar primarily balances the vertical loss
of water at the sea-surface (water fluxes through the Bosphorus Strait
(B) and river discharge (R) also contribute to balance the surface water
loss; e.g. Mariotti et al., 2002). Recent research has shown that decadal
changes in net Mediterranean Sea evaporation have characterized the
1958–2006 period, with an overall increase in net evaporation resulting
in a substantial increase in sea-surface water loss (Criado-Aldeanueva
et al., 2010; Mariotti, 2010). An open question is whether this increased
water loss has induced increases in the net water inflow at Gibraltar or
whether there have been changes in Mediterranean Sea water mass. In
fact, while the Mediterranean thermohaline circulation is sustained by
the atmospheric forcing, its intensity is controlled by the narrow and
shallow Strait of Gibraltar via hydraulic control processes (Sannino
et al., 2007, 2009a). While measurements of the Mediterranean water
outflow through Gibraltar have been collected over short time periods
(Sanchez-Roman et al., 2009, Soto-Navarro et al., 2010), there are no
long-term direct measurements of net water fluxes. Model simulations
have been utilized to improve the understanding of the processes that
regulate water fluxes at Gibraltar, with very high-resolution models
now able to represent much of the complexity characterizing the dy-
namics of the Strait and simulate realistic Gibraltar flows (Sannino
et al., 2009a; Sanchez-Garrido et al., 2011). It is interesting to note that
a common assumption in state-of-art Mediterranean Sea models used
for these studies is the “equilibrium condition” which forces the net
flow at Gibraltar to strictly compensate the freshwater lost at the
sea-surface (e.g. Tonani et al., 2008). Here we stress that such an as-
sumption has still not been verified by specific observations.
Nowadays, changes in Mediterranean Sea mass are directly mea-
sured by the satellite gravimetric mission GRACE. These measure-
ments, available over the interval 2002–2010, are usually expressed
in terms of changes in equivalent water thickness, i.e. water mass
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changes per surface area (with 1 mmwater column corresponding to
1 kg/m2 if a density of 1 g/cm3 is assumed). Mediterranean Sea water
mass change values may also be derived from sea level change, pro-
vided the steric component of the sea level change can be estimated.
In this case the water mass change is directly expressed as water
thickness (volume). Recent studies have compared indirect estimates
of Mediterranean Sea water mass derived from sea-level by way of
steric-corrected satellite altimetry with those based on GRACE satel-
lite mass retrievals. Results indicate a good agreement and a Mediter-
ranean Sea mass increase during the last decade (Calafat et al., 2010;
Fenoglio-Marc et al., 2012b).
Mediterranean sea level variability has been shown to be affected
by the variability of the North Atlantic Oscillation (NAO; Hurrell
et al., 2003) mainly through the impact of atmospheric sea-level pres-
sure changes (Tsimplis and Josey, 2001). Although these results col-
lectively suggest long-term variations in Mediterranean Sea mass
and sea-level, and large-scale atmospheric influences, to our knowl-
edge how long-term changes in fresh water fluxes may have affected
Gibraltar water fluxes is yet to be explored. The level of accuracy of
the satellite-based measurements calls for a re-examination of many
conventional approximations often taken for granted (Greatbatch
and Lu, 2001).
The goal of this work is to study the decadal variations in net
water flux at the Strait of Gibraltar over the period 1960–2009
based on a combined observational-modelling approach and to indi-
rectly explore the correctness of the “equilibrium condition” assump-
tion made in state-of-art models. First, Gibraltar water flux is derived
indirectly from the water budget equation based on observational es-
timates of Mediterranean Sea mass changes (from steric-corrected
sea-level estimates and GRACE mass retrievals), regional precipita-
tion and evaporation. Next, an independent estimate of the Gibraltar
water flux is obtained from a numerical simulation by a regional
ocean–atmosphere climate model. Lastly, potentially important fac-
tors regulating long-term Gibraltar flux changes are discussed. The
paper is organized as follows: overall data and methodology are de-
scribed in Section 2; results pertaining Mediterranean Sea mass and
Gibraltar water flux variability are presented in Section 3; conclusions
are in Section 4.
2. Methodology and data
The net water inflow through Gibraltar (G), may be estimated on
the basis of the water budget equation for the Mediterranean Sea:
G ¼ E– Pþ R þ Bð Þ þ ∂M=∂t ð1Þ
with E being sea-surface evaporation, P precipitation over the sea;
R river discharge into the sea from the Mediterranean catchment;
B net water influx from the Black Sea at the Bosphorus Strait; ∂M/∂t
the rate of Mediterranean Sea water mass (M) change (see also
Fenoglio-Marc et al., 2012b; Grayek et al., 2010). (Note that changes
in Mediterranean Sea mass due to salinity changes are not accounted
for in this water budget equation). As all quantities in Eq. (1) repre-
sent a volume variation, they can be expressed as basin-uniform sea
level change in units of mm/mo, We apply Eq. (1) to derive G based
on observational estimates of ∂M/∂t, E and P. ∂M/∂t may be derived
as the difference of water mass-induced sea level averaged over the
sea (Smass) at two following time-steps (Fenoglio-Marc et al.
(2007)), as well as estimated from GRACE gravity solutions. In con-
trast, the independent results from the model simulation are based
on the model's assumption, so it is interesting to see how these re-
sults compare with the observational estimate of G and whether
they can contribute to a qualitative description of long-term variabil-
ity in Gibraltar water fluxes.
All the quantities in Eq. (1) are estimated indirectly (as explained
in the following) and it is clearly a challenge to define long-term
changes and uncertainties of any of these quantities, let alone the
resulting G estimate. Nevertheless, we attempt to estimate errors of
annual mass-induced sea level Smass and derivated quantities, namely
∂M/∂t and G. These error estimates are based on either the root mean
square (RMS) difference between the various datasets available for a
given quantity, or on error propagation considering the various com-
ponents contributing to a given estimated quantity (see Table 1 for a
summary of data used in this study; Tables 2–5 for associated error
estimates). The first method reflects the spread of the datasets, but
unknown systematic errors may remain. We account for the temporal
autocorrelation of a time series, by using its effective sample size
based on the lag-1 autocorrelation coefficient (Santer et al., 2000).
The correlation between time-series and its double-sided significance
are evaluated. Linear regression is used to estimate the linear trend
and its error. We further assess the trend significance by applying
the t-test to the ratio between the estimated trend and its error
(Fenoglio-Marc et al., 2011). In the error propagation we consider
the components to be uncorrelated (Fenoglio-Marc et al., 2006,
2012b).
2.1. Mediterranean Sea water mass derivation
During August 2002–December 2009, Mediterranean water
mass-induced sea level (Smass) may be estimated directly from
satellite-based gravity observations retrieved by the GRACE satellite
mission (Smassg hereafter; Flechtner, 2007; Fenoglio-Marc et al.,
2006). Note that since GRACE measures gravity, a priori mass changes
detected by GRACE include both the effect of water and salt changes.
Over the longer 1970–2009 period, Smass may be also estimated indi-
rectly from Eq. (2), by correcting the total sea level (Stot) for its steric
component (Sster) so as to account only for water mass induced
sea-level (Smass):
Smass ¼ Stot−Sster ð2Þ
During 1993–2009, Stot is evaluated from satellite altimetry data (Stotalti).
For this derivationwe have used along-track data of the Topex/Poseidon,
Jason-1, Jason-2 and Envisat altimetry missions from the RADS database
(Naeije et al., 2008) and applied the conventional geophysical correc-
tions accounting for the ocean response to atmospheric wind and pres-
sure forcing (atmospheric loading on the sea surface) via the Dynamic
Atmospheric Correction (DAC). Grids of 0.5 degrees have been computed
and used to evaluate the sea level basin average. Prior to the altimetry
era, starting from 1970 Stot is derived based on a reconstruction
developed by Meyssignac et al. (2011) (hereafter MBMED11). Compar-
ing the MBMED11 basin averaged reconstruction (Stotreco) with a
Table 1
List of data. For the seven fields used in this study : temperature (T), salinity (S), sea
level (Stot ), mass-induced sea level (Smass), evaporation (E), precipitation (P), sea
level pressure (SLP) the name of the database together with its time interval, spatial
and temporal resolutions are given. For the T and S fields the maximum depth and









Medar/Medatlas T, S 1945–2002 0.2°×0.2° 4000 25 1 yr
Ishii v6.7 T, S 1945–2006 1°×1° 700 16 30 days
MFSTEP/ICBM T, S 2000–2009 1°×1° 3850 31 30 days
GRACE Smass, 2002–2009 300 km 30 days
altimetry Stot 1993–2009 0.5°×0.5° 30 days
MBMED11 Stot 1970–2009 0.5°×0.5° 30 days
Protheus E 1958–2001 30 km 30 days
OAFLUX E 1958–2009 1°×1° 30 days
Protheus P 1958–2001 30 km 30 days
GPCP P 1979–2009 2.5°×2.5° 30 days
REOFS P 1960–2009 5°×5° 30 days
HadSLP SLP 1960–2009 5°×5° 30 days
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reconstruction based on satellite altimetry (Stotreco_alti; Meyssignac et al.,
2011) one finds a good agreement with a correlation 0.95 and RMS dif-
ferences 9 mm (see Table 2). The advantage of the MBMED11 recon-
struction, compared to an alternative one by Calafat and Gomis (2009),
is the use of the long-term sea level patterns deduced from a 33-year
long run of the ARPERA-forced NEMOMED8 ocean model (Sevault
et al., 2009) instead of a 13-year long altimetry record as in Calafat and
Gomis (2009), which enables to better capture Mediterranean sea level
decadal variability of specific interest to our study (Meyssignac et al.,
2011).
We compute the steric component of sea level Sster, taking into
account both the effects of temperature (Sthermo_ster) and salinity
(Shalo_ster). Temperature and salinity fields are obtained from two
gridded climatologies: the regional Medar/Medatlas (Rixen et al.,
2005; available yearly 1970–2002) and the global Ishii (Ishii and
Kimoto, 2009; available monthly 1970–2006); and also from the
MFSTEP oceanographic model (Tonani et al., 2008; 2002–2009).We in-
tegrate from the surface down to the maximum depth with available
data (see Table 4). It is noted that models routinely provide potential
temperature (Fofonoff, 1977), while climatologies give in-situ tempera-
ture; this is accounted for in our analysis concerning the estimation of
steric heights.
We compute annual basin means of Sster, Stot, and their difference
Smass to derive its rate of change ∂M/∂t. The overlap between the
GRACE-based mass estimate Smassg and the indirect sea-level-based
mass derivations (two separate ones from altimetry and reconstruc-
tion) over the common 2002–2009 period allows a comparison of
the various methods as a mean to gain a sense of the uncertainties as-
sociated to the mass estimates (see Table 3 for comparisons; Calafat
et al., 2010; Fenoglio-Marc et al., 2012). It is worth noticing that
over the common period, the GRACE mass change estimate (including
both water and salt mass changes) is found to be largely similar to the
indirect sea-level based derivation which only includes the effect of
water mass changes in virtue of the steric correction (see Section 3.1).
This suggests that, at least for this period, mass changes measured by
GRACE were mostly water induced.
2.2. Observational evaporation and precipitation data
Both oceanic evaporation and precipitation are challenging quanti-
ties to derive, as neither is directly observed. Mariotti (2010) provides
a recent intercomparison of estimates for the Mediterranean Sea from
various datasets and methodologies over the period since the
Table 2
Correlation (Corr), root mean square difference (RMSD), number of samples (N) and
level of significance of correlation (Significance) of annual time-series in common
interval (Time Interval). Units are mm for sea-level (S) quantities and mm/mo for
precipitation/evaporation rates and rate of mass change ∂M/∂t. For sea level the com-
ponent type is indicated by the subscript (tot: total sea level; ster: steric sea level;
thermo-ster: thermo-steric sea level; halo-ster: halo-steric sea level; mass: mass in-
duced sea level). The superscript indicates the dataset used (e.g. alti: altimetric sea
level; reco: reconstructed sea level etc.; see text). For precipitation and evaporation
the datasets used are indicated by the subscript.




Stotalti Stotreco 0.98 4.0 13 1993–2002 99
Stotreco Stotreco_alti 0.95 9.0 13 1993–2002 99
Ssterishii Sstermedar 0.57 12.0 57 1945–2002 99
Sthermo-sterishii Sthermo-stermedar 0.82 5.1 57 1945–2002 99
Shalo-sterishii Shalo-stermedar 0.36 12.0 57 1945–2002 99
Smassreco-ishii Smassreco-medar 0.80 15.0 33 1970–2002 99
∂M/∂t reco-ishii ∂M/∂t reco-medar 0.71 1.4 32 1970–2002 99
Pgpcp Preofs 0.41 4.9 23 1979–2001 95
Eoaflux−Pgpcp Eoaflux−Preofs 0.67 5.0 23 1979–2001 99
Table 3
Correlation (Corr), root mean square difference (RMSD), number of samples (N) and
level of significance of correlation (Significance) of observed and simulated annual
time-series in 1979–2001 (n=23).




Eprotheus Eoaflux 0.50 4.2 99
Pprotheus Pgpcp 0.78 2.8 99
Pprotheus Preofs 0.15 5.8 50
Eprotheus−Pprotheus Eoaflux−Pgpcp 0.63 6.2 99
Eprotheus−Pprotheus Eoaflux−Preofs 0.46 5.6 95
Gprotheus Eoaflux−Pgpcp+∂M/∂t 0.44 7.0 95





Annual errors of basin averages. Methods are RMS difference (RMSD) and error prop-
agation (EP) in (mm) or (mm/mo) as indicated in Table 2. Bold values have been se-
lected to provide the final error estimate for G from EP.
Annual error Source
Stot alti 3 RMSD of Stot alti
Stot reco 6 EP, Meyssignac et al., 2011
Stot 4 RMSD of Stot alti and Stotl reco (Table 2)
6 Selected for EP
Sster 12 RMSD of Sster
15–25 EP
15 Selected for EP
Smass alti-ster 12 EP of Stot alti & Sster
Smass reco-ster 16 EP of Stot reco& Sster,
Smass 15 RMSD using various Sster (Table 2)
Smassg 7 EP of GRACE
16 Selected for EP
∂M/∂t reco-ster 23 EP of Smass reco-ster
1.5 RMS diff. of solutions (Table 2)
∂M/∂t g 10 EP of Smass g
23 Selected for EP
E 4.2–4.8 Yu et al., 2008
4 RMSD of E datasets (Table 2)
5 Selected for EP
P 9–12 Adler et al., 2012
6 RMSD of P datasets (Table 2)
10 Selected for EP
E-P 11 EP
6 RMSD of E-P datasets (Tables 2,3)
11 Selected for EP
R 2 STD of R
B 2 STD of B
G 25 EP including all components
11 EP of E-P, neglect R, B, ∂M/∂t
7 RMSD of results
Table 5
Standard deviation (STD), trend and its significance of observed and simulated water







Eprotheus 3.3 0.03+/−0.08 –
Pprotheus 4.1 −0.13+/−0.13 75
Rprotheus 2.0 −0.10+/−0.06 90
Bprotheus 2.2 −0.00+/−0.06 –
Gprotheus 7.9 0.34+/−0.22 90
(E−P)protheus 5.7 0.15+/−0.14 75
(R+B)protheus 3.4 −0.10+/−0.11 75
(E−P−R−B)protheus 8.5 0.25+/−0.20 75
Eoaflux 6.9 0.43+/−0.09 99
Pgpcp 4.0 −0.31+/−0.13 99
Eoaflux−Pgpcp 8.2 0.74+/−0.13 99
Eoaflux−Pgpcp− (R+B)protheus 6.9 0.84+/−0.20 99
∂M/∂t 1.6 −0.09+/−0.13 99
Eoaflux−Pgpcp−(R+B)protheus+∂M/∂t 9.1 0.74+/−0.23 99
Eoaflux−Pgpcp+∂M/∂t 8.4 0.66+/−0.14 99
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late-1950s and allows qualitative insights into the uncertainties associ-
atedwithMediterranean Sea E and P estimates. In this study, we choose
to use selected estimates of E and P among those analyzed by Mariotti
(2010) rather than explore the full range of estimates available, while
keeping in mind the range of uncertainties highlighted by the Mariotti
(2010) study. For evaporation over the period 1958–2006, we use the
derivation from the air–sea fluxes dataset OAFLUX, which objectively
synthesizes surface meteorology obtained from satellite products
(including SSM/I, Quick Scatterometer (QuikSCAT), Advanced Very
High Resolution Radiometer (AVHRR), Tropical Rainfall MeasuringMis-
sion (TRMM)) andmodel NCEP re-analyses (Yu et al., 2008). For precip-
itation over 1979–2006, we consider data from the Global Precipitation
Climatology Project (GPCP; Adler et al., 2003). Back in time, for the pe-
riod 1960–2006 we use a reconstruction of oceanic precipitation
(REOFS hereafter; Smith et al., 2008), which aims at capturing the
large-scale features of global precipitation. Estimated OAFLUX evapora-
tion error for the Mediterranean Sea is 4.2–4.8 mm/mo (5–6 Wm2 or
more conservatively 5–8 Wm2; Yu et al., 2008). Estimated GPCP precip-
itation error is 9–12 mm/mon for GPCP (0.3–0.4 mm/d; Adler et al.,
2012). No error estimate is available for REOFs (see Table 4 for
intercomparison of error estimates).
2.3. Climate model simulation
We consider results from a regional ocean–atmosphere coupled
model simulation with the PROTHEUS system (Artale et al., 2010). The
PROTHEUS system includes the RegCM3 atmospheric regional model
(Pal et al., 2007) and the MED-MITgcm ocean model (Marshall et al.,
1997; Sannino et al., 2009b), that are coupled through the OASIS3 cou-
pler (Valcke and Redler, 2006). It is a hydrostatic oceanmodel that uses
the Boussinesq approximation (volume-conserving condition) (Song
and Hou, 2006). As the volume of water in the model domain is con-
served bymodel's construction the volume of water lost from theMed-
iterranean basin is balanced by means of a positive flux of water over
the Atlantic box (see Carillo et al., 2012 for a complete validation of
the oceanmodel). The experiment consideredhere is a simulation of cli-
mate variability in the European-Mediterranean domain over the peri-
od 1958–2001 at a spatial resolution of 30 km for the atmospheric
component and 1/8°×1/8° for the oceanic model. The model includes
the Interactive RIver Scheme (IRIS) that computes river discharge
from runoff (Dell'Aquila et al., 2012). The oceanic and the atmospheric
models exchange coupling fields (SST, wind stress components and
total heat and salt fluxes) every 6 h. Surface natural boundary condi-
tions are used for the oceanic model which treats P+R−E as a real
fresh water flux.
The ocean component is initialized with MEDATLAS II data
(MEDAR Group, 2002), then a 40 year spin-up is performed using a
3D relaxation of temperature and salinity to the climatological values.
ERA40 re-analyses (Uppala et al., 2005) are used as atmospheric lat-
eral boundary conditions. The two-way exchange through the Strait
of Gibraltar is achieved by means of 3D relaxation of salinity and tem-
perature toward the climatological monthly Levitus data (Levitus,
1982), in a box composed by 30 grid points located west of Gibraltar.
The PROTHEUS net water flux at Gibraltar is computed as the volume
transport through a latitudinal section, derived as difference of the
two-way exchange given in Fig. 3S.
Since observational estimates of R and B times series for the period
1970–2009 are not available, we consider R, B values from the
PROTHEUS simulation as observational surrogates, to be used in the
water budget equation (Eq. 1) to derive G, together with data from ob-
servational datasets. However the modeled terms are roughly an order
of magnitude smaller than E (Mariotti et al., 2002), hence are second
order factors in the estimation of G. Because of the different assump-
tions in the simulated G versus the indirectly observationally derived
G, comparing the two allows to both corroborate independently derived
G estimates and also explore whether themodel's condition is indeed a
realistic assumption.
2.4. Climatic indices
We consider various climatic indices to explore the role of
large-scale climate phenomena on long-term G variability as it relates
to other water cycle changes. Specifically, the December–March
(DJFM) station-based NAO index calculated as the normalized pres-
sure difference between Gibraltar and South West Iceland [Jones et
al., 1997]; and the annual AMO index available from NOAA/OAR Phys-
ical Science Division calculated as the de-trended area-weighted av-
erage of North Atlantic (0° to 70°N) Sea Surface Temperature (SST)
(available since 1856) (Enfield et al., 2001). To compare with the
NAO index, we consider DJFM means of Mediterranean mean P, R
and ∂M/∂t, and compute six-years running means to focus on
long-term variability. In this analysis, we also include monthly
mean sea-level pressure from the HadSLP2 dataset (SLP), combining
land and marine pressure observations (Allan and Ansell, 2006). In
the comparison with the AMO index, we consider six-year running
means of annual values. Annual mean anomalies are relative to the
period 1979–2001, as this is the common period of availability for
all data used.
3. Results
3.1. Mediterranean Sea mass variability
Fig. 1 shows anomalies of annual mean basin-averaged sea-level
in 1970–2009, as derived from the altimeter measurements (Stotalti)
and the sea-level reconstruction (Stotreco). Over the 1970–2005 period,
reconstructed sea-level displays both interannual and decadal varia-
tions with relative minima observed around 1975 and 1994. The
monthly error associated with the reconstructed basin-averaged
sea-level estimated by a bootstrap method (Efron and Tibshirani,
1993) is about 20 mm and significant at the 95% level (see
Meyssignac et al., 2011 for more details). The corresponding annual
mean error is 6 mm. The annual mean error of the altimetric
basin-averaged sea level is 3 mm based on a RMS difference between
data sets (Table 4, see also Fenoglio-Marc et al., 2012). Overall, there
is very good consistency for basin averaged sea-level between the al-
timeter estimates and the reconstructed estimates, which reinforces
confidence in the sea-level reconstruction for the earlier period.
Over the common interval 1993–2005, yearly mean sea-level esti-
mates from the reconstruction and from the altimeter observations
are in good agreement with a 0.98 correlation and 4 mm RMS differ-
ence (Tables 2, 4). We finally assume a value of 6 mm for the error of
the combined sea level Stot, to account for the lower accuracy of the













Fig. 1. Yearly mean sea level anomaly in the Mediterranean Sea over the period
1970–2009 derived from multi-satellite altimetry (circle) and from MBMED11 recon-
struction (square) with error bounds corresponding both to the RMS difference of
input data (gray shadow).
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reconstruction before the altimeter era (Table 4). The overall trend of
the combined sea level Stot over 1970–2009 is 1.9+/−0.2 mm/yr.
Fig. 2 shows the annual basin average anomalies of the steric com-
ponent (Sster) derived from the Medar/Medatlas and from the Ishii
gridded climatologies. Over the common interval 1945–2002 correla-
tion and RMS difference between the two derivations are 0.57 and
12 mm, with correlation significant at the 99% level (Table 2). The
RMS difference mainly arises from the difference in halo-steric com-
ponents, which are still significantly correlated at the 99% level (cor-
relation and RMS difference of 0.36 and 12 mm, respectively). The
thermo-steric components (Sthermo-ster) are more similar (correlation
and RMS difference are 0.81 and 5 mm respectively). These differ-
ences can be partly attributed to the different depths covered by the
Ishii and Medar/Medatlas datasets (maximum depths available are
700 m and 4000 m respectively) and partly attributed to the different
values of temperature and salinity in the databases. As results do not
change significantly when integrating Medar/Medatlas to 600 m only
(see Fig. 2) we may conclude that this second reason holds.
The RMS-based error of 12 mm derived above is our first estimate
of the error of the steric component (Table 4). Another estimate is
obtained from the grid of statistical errors associated to each Medar/
Medatlas grid (Rixen et al., 2005). The error of the basin average of
temperature (T) and salinity (S) for different intervals in depths has
been computed from the grid of statistical errors. The error associated
with the specific volume has been evaluated as:
ε αð Þ ¼ ∂α S:T :P:ð Þ∂S

ε Sð Þ þ




where ε(T)and ε(S)are the objective analysis errors associated to T and S
and are function of time and space. A Monte-Carlo approach is used to
perturb ε(T) and ε(S) so as to obtain the associated specific volume
anomaly. The gridded temperature and salinity fields were perturbed
within the range of its associated temperature and/or salinity uncer-
tainty so as to infer total, thermo and halosteric uncertainty; 100 mem-
bers were sufficient to make the algorithm converge. Steric anomalies
were directly confronted to the unperturbed reference.
Fig. 1S (additional material) shows basin averages of temperature
and salinity data averaged over different intervals of depths together
with the corresponding uncertainty. Being the variability range of
temperature and salinity higher at the surface than at depth, and de-
spite the lower amount of data at deeper levels, the uncertainty of the
data decreases with depth. The uncertainties of the basin averages are
between 0.1 and 0.2 °C in the first 150 m and lower than 0.1 °C below
150 m. Uncertainties are higher at both ends of the 1945–2002 period
due to the lower amount of observations available to the objective
analysis.
The volume uncertainty derived from a Monte Carlo perturbation
of temperature and/or salinity for year 1995 (3-year running win-
dow) is illustrated in Fig. 2S. The steric uncertainty contributions
are mainly located in deep ocean basins, as uncertainties are then in-
tegrated over larger depths. The halo-steric uncertainties dominate
and reach 10 mm in the top 600 m and 15–25 mm in the complete
water column (Table 4). This is mainly due to the scarcity of salinity
data in the (eastern) Mediterranean. Results for other years in the
1960–1995 period are qualitatively similar. In summary, results sug-
gest that the total steric anomaly uncertainties are lower than
25 mm for the whole water column. The uncertainty is lower near
to the surface and is less than 5 mm for the 0–150 m layer, less
than 10 mm for the 150–600 m layer and less than 15 mm for the
600–4000 m layer. It is however well known that theoretical errors
provided by the objective analysis techniques usually underestimates
actual errors, therefore errors could be higher. We observe that the
error estimated for Medar/Medatlas is larger than the error derived
for RMS difference of data. We finally assume a value of 15 mm for
the error of the combined steric sea level Sster (Table 4). The two dif-
ferent estimates of the steric component are quite consistent
(Fig. 2, c). They show a tendency for the steric component to decrease
from 1970 until the mid-1990s and increase thereafter (considering
Ishii data, trends are −1.02+/−0.34 mm/yr during 1970–1990 and
1.19+/−0.8 mm/yr during 1990–2006).
As described in previous section, the steric component of
basin-averaged sea level (as shown in Fig. 2) is used in combination
with basin-averaged sea-level estimates (as shown in Fig. 1) to derive
basin-averaged Mediterranean water mass variations Smass. Fig. 3
shows annual mean basin-average Mediterranean Sea water mass
anomalies over the period 1970–2009 based on the multiple
sea-level and steric components estimates described above. Overall
the various estimates depict a quite consistent behavior during the
periods for which the data overlap both on interannual and longer
timescales. Specifically, the correlation and RMS differences between
the mass derivations considering the two different steric corrections
of the sea-level reconstruction are 0.8 and 15 mm, respectively,
with correlation statistically significant at the 99% confidence level
(Table 2). Nevertheless there are differences among these estimates,
highest differences are found in mid-1970s and early 1990s, which
are however within the error bars based on Fig. 2.
Mass estimates from the Ishii steric-corrected sea-level recon-
struction and the Ishii steric-corrected altimetry values are in partic-
ularly good agreement during 1993–2006. Similarly there is very
good agreement between the mass estimates from the MFSTEP
steric-corrected altimetry and the direct mass retrievals from
GRACE for the most recent period (Fig. 3). As previously mentioned,
the agreement between GRACE and the steric-corrected reconstruc-
tions during the period of overlap suggests that the mass changes
measured by GRACE are primarily water mass induced. Relative min-
ima occur in the mid-1970s, the early 1990s and early in the 2000s.
Over the long-term, considering the period since 1970s, Mediterra-
nean Sea water mass is seen to increase (this is consistent with




































Fig. 2. Yearlymean thermo-steric (a), halo-steric (b), total steric (c) sea level anomalies in
the Mediterranean Sea over the period 1970–2006 from Ishii version 6.7 (circle) and
Medar/Medatlas integrated until 4000meter depth (triangle). In c)Medar/Medatlas inte-
grated until 600 (square) is shown in addition. Error bounds computed from Medar/
Medatlas (dashed line) and corresponding both to the RMS difference of input data
(gray shadow) are given.
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Calafat et al., 2010). The trend over the period 1970–2006 is
0.88+/−0.33 mm/yr based on the reconstruction corrected for
the Ishii steric component. Considering the extended time series
(1970–2009), that combines the reconstruction- and the GRACE-
based Smass, the trend is 1.1+/−0.3 mm/yr.
The estimate of the annual error of themass-induced sea-level Smass,
derived by error propagation from the errors of Stot and Sster is 16 mm
(dashed line in Fig. 3a), in very good agreement with the above
obtained RMS difference-based error of 15 mm (shaded bounds in
Fig. 3.a). The annual error of GRACE-derived mass-induced sea-level
Smass is smaller (7 mm, see also Fenoglio-Marc et al., 2012). We finally
assume a value of 16 mm for the annual error of the combined
mass-induced sea-level Smass over 1970–2009 (Table 4).
Finally, the annual mean water mass change ∂M/∂t (the term that
actually enters Eq. 1) is derived over 1970–2009 as the difference of
the combined mass-induced sea level Smass at two following time
steps (Fig. 3b). The timeseries shows interannual ∂M/∂t values of up
to 3–4 mm/mo, its standard deviation is 1.8 mm (1.6 mm in
1979–2001, see Table 5). The overall ∂M/∂t mean is 0.14 mm/mo as
there is an overall mass increase over the period of consideration. How-
ever there is no significant ∂M/∂t trend over the period of consideration
(trend value for the ∂M/∂t based on mass estimates from the recon-
struction and Ishii steric correction is 0.018+/−0.024 mm/mo per
year). It is interesting to note that ∂M/∂t is small, as it is indeed often as-
sumed to be according to the “equilibrium condition”; hence based on
the water budget equation (Eq. 1) we find a first order compensation
between G and other terms ofMediterranean Seawater cycle, primarily
E and P (another common assumption).
We obtain for ∂M/∂t an annual error of 23 mm, from error propa-
gation of Smass. The annual error of the GRACE-based mass-induced
sea-level ∂M/∂t is smaller (10 mm). Also the RMS difference of the
various estimates of ∂M/∂t derived from various sea-level and steric
data is significantly smaller (1.5 mm) (Table 4). The standard devia-
tion of ∂M/∂t is 1.6 mm and therefore much smaller than its error.
3.2. Gibraltar water flux variability
Next, remaining Mediterranean Sea water cycle terms are consid-
ered in order to close the water budget (Eq. 1) and derive G variability
over the period 1960–2010 (see Fig. 4; see Tables 2,3 for correlation
and RMS difference of the yearly time-series and Table 5 for a com-
parison of observed and simulated trends over the period). Both
observational and PROTHEUS-simulated estimated annual mean
anomalies relative to the period 1979–2001 are considered for com-
parison (as available). Note that the PROTHEUS simulation is forced
at the atmospheric boundaries by ERA40 reanalyses, independent
from the observational estimates presented here. Mediterranean Sea
averaged evaporation from OAFLUX data shows an initial decrease
1960 to the mid-1970s, followed by an increase up until the most re-
cent period (trend over 1979–2001 is 0.43+/−0.09 mm/mo per
year; see Mariotti, 2010 for more discussion on decadal variability
of Mediterranean Sea evaporation). PROTHEUS-simulated evapora-
tion shows a similar decadal variability over the whole period, with
basically no increase during 1979–2001 (Fig. 4.a)
GPCP precipitation shows a negative trend over the period
1979–2001 (−0.31+/−0.13 mm/mo per year), similarly to the
























































Fig. 4. Yearly anomalies of Mediterranean Sea water cycle components in water budget
equation (Eq. 1) during 1960–2009 relative to the period 1979–2001. From top to bot-
tom: Evaporation (a), Precipitation (b), E-P (c), Bosphorus water flux, river discharge
and time derivative of mass-induced sea level (Fig. 3b) (d) from model simulations
(gray) and observations. Legend specifies data source. Error bounds in (a–b–c) corre-
spond to the RMS difference of data input from databases (gray shadow).
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Fig. 3. Yearlymass-induced sea level anomaly inMediterranean Sea (a) and its time deriv-
ative (b) over the period 1970–2009. Shown are estimates based on the steric-corrected
sea-level reconstruction using two different steric corrections (squares for Medar/
Medatlas and circles for Ishii), on the steric-corrected sea-level altimetry using two differ-
ent steric corrections (inverted triangles from MFSTEP and triangles from Ishii) and on
GRACE-basedmass retrievals (diamonds). Bounds in (a) correspondboth to error propaga-
tion of components (dashed line) and to RMS difference of solutions derived from input
data in Figs. 1 and 2 (gray shadow). In (b) only bounds corresponding to RMS of solutions
are shown.
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PROTHEUS-simulated one except the latter is smaller and weakly sig-
nificant (Fig. 4.b). REOF reconstruction also shows a precipitation de-
crease during 1979–2001 that is similar to GPCP but in the context
of a long-term decrease during the period since 1960 (see also
Mariotti, 2010). Correlation and RMS difference of the GPCP and
REOF precipitation yearly values are 0.4 and 4.9 mm/mo respectively,
correlation is significant at the 95% level (Table 2). The correlation of
simulated and observed evaporation and precipitation quantities are
all significant, except for precipitation from REOFS (Table 3). Their
RMS differences are 4 mm/mo for evaporation and 6 mm/mo for pre-
cipitation (Table 3); we adopt these values as the RMS-based errors
for the two quantities (see Table 4). We finally assume an error of
5 mm/mo and 10 mm/mo for the two quantities, thus error propaga-
tion gives a result of 11 mm/mo for E-P.
Based on the observational estimates, the combination of the evapo-
ration increase seen in OAFLUX data and precipitation decrease seen in
GPCP gives a significant increase in net evaporation (E‐P) over the peri-
od 1979–2001 (Fig. 4.c). Observationally derived trend over 1979–2001
is 0.74+/−0.13 mm/mo per year. Simulated net evaporation trend is
also seen to be positive, albeit weakly significant. The GPCP/OAFLUX
E-P estimates indicate that the increase has been continuing up until
the recent period (trend over 1979–2009 is 0.79+/−0.1 mm/mo per
year). Error propagation gives a result of 11 mm/mo for E-P (Table 4),
while the RMS-based error computed from various datasets is lower
than 6.2 mm/mo (Tables 2, 3).
Since observational river discharge and Bosphoruswater flux anom-
alies are not available for the period of investigation, we consider the
simulated quantities as a surrogate (in any case, as previously discussed
these are second order terms in Eq. 1). Simulated river discharge shows
a significant negative trend over 1979–2001 (−0.1+/−0.06 mm/mo
per year; Table 5), consistent with simulated precipitation behavior.
Simulated water flux at the Bosphorus Strait does not indicate a signif-
icant trend. Relying on a single run of a singlemodelwe cannot attribute
an error bar to such estimate, however this fact does not impair our re-
sults, as the river runoff is, together with the Bosphorus the smallest
term in Eq. (1) and does not exceed the 20% of the E-P budget
(Mariotti et al., 2002). This relationship holds also in our analysis
(see Table 5) between the standard deviations of the R and B simulated
time-series (2 and 2.2 respectively) and of E-P observed (8.2 mm/mon)
and simulated (5.7 mm/mo) (Table 5). A similar relationship holds for
the rate of mass change ∂M/∂t (Fig. 4.d), as the standard deviation of
∂M/∂t is 1.6 mm/mo (Table 5) and therefore smaller than for all the
other components in Eq. (1).
Combining observational E and P estimates with simulated R and B,
we obtain estimates of the overall mean fresh water budget anomalies
that have characterized the Mediterranean Sea over 1979–2001.
Interannual anomalies are of the order of 5–10 mm/mo with a linear
trend over 1979–2001 of 0.84+/−0.20 mm/mo per year (this trend
value is based on GPCP precipitation, OAFLUX evaporation and simulat-
ed R and B), that is a linear increase of about 19 mm/mo in total over
this period. The corresponding simulated fresh water budget quantity
also shows an increase, however trend value is smaller than observed
(0.25+/−0.20 mm/mo per year or about 6 mm/mo in total over this
period). Error propagation gives an error of 11 mm/mo for E-P-R-B, if
we neglect the errors of R and B. If we assume for R and B an error
equal to their standard deviation (2 mm/mo, Table 4), the resulting
error is not significantly different.
Finally, we combine the fresh water budget changes discussed
above with mass changes ∂M/∂t as derived in the previous section
to depict Gibraltar water flux (G) variability during 1960–2009
based on the application of the water budget equation (Eq. 1) (see
Fig. 5).
All G estimates, whether combining observational and PROTHEUS-
simulated terms or derived purely from the PROTHEUS simulation,
show an overall increase in the net water flux at Gibraltar since the
mid-1970s. It is worth underlying that a priori the observationally de-
rived G and the PROTHEUS simulated G could be quite different,
because of the assumptions built-in the model, in primis the “equilib-
rium condition” assumption. The best agreement with the model is
obtained when all components of Eq. (1) are included (correlation
and RMS difference are 0.66 and 6 mm, see Table 3); neglecting R
and B, the correlation drops to 0.59, with significance level still 99%.
If one neglects R and B, and derives G purely based on observations
(using estimated ∂M/∂t, OAFLUX evaporation and precipitation from
either GPCP or REOFs), one still finds an increase in G since the
mid-1970s that is consistent with the PROTHEUS simulated G esti-
mate. Based on the combined observational/modeling approach we
find for G a linear trend over the period 1979–2001 of 0.74+/−
0.23 mm/mo per year (see Table 5), that is a linear increase of
about 16 mm/mo over this period. The linear trend is even higher
(0.80+/−0.21 mm/mo per year) when the recent years are included
(period 1970–2009) even neglecting the contribution of R and B.
Gprotheus
Eoaflux − Preofs + dM/dt
Eoaflux − Pgpcp + dM/dt













Eoaflux − Preofs − Rprotheus − Bprotheus + dM/dt
Fig. 5. Estimates of Gibraltar water flux anomalies during the period 1960–2010 (reference period is 1979–2001). Shown are yearly values from the PROTHEUSmodel simulation (circle)
and from the water budget equation using observational estimates of E, P, ∂M/∂t and simulated R and B (triangle), and similar estimates neglecting R+B (square, diamond). E is from
OAFLUX, P is from the REOFS and from GPCP, ∂M/∂t is from the steric corrected sea-level reconstruction using Ishii data. Error bounds correspond to the annual uncertainties given for
E, P, E-P in Table 4. Bounds correspond both to error propagation of components including only E, P (black dashed line) and to RMS difference of solutions including all components in
Fig. 4 (gray shadow).
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Simulated G values give similar qualitative results, however with a
50% smaller trend (0.34+/−0.22 mm/mo per year or about 8 mm/
mo over 1979–2001, see Table 5). Over the longer 1960–2000 period,
the simulation indicates that the above mentioned G increase is in the
context of broader decadal variations, with a decrease during 1960–
1970 before the most recent increase; a similar result is found consid-
ering observational G estimates (based on REOFS P, OAFLUX E and
∂M/∂t, but neglecting B and R). This variability is seen to have been
primarily forced by precipitation and evaporation over the Mediterra-
nean Sea, as variations in mass in the basin have been found to be
comparatively small (consistently with previous knowledge). Results
suggest that the increase in the fresh water loss at the sea-surface, as
also found by Mariotti (2010), is compensated mainly by an increase
in water fluxes at Gibraltar, with little change in ∂M/∂t. As previously
noted, this is an assumption built-in the PROTHEUSmodel (as in most
state-of-art Mediterranean Sea models), which we find a posteriori to
be well verified by the observational ∂M/∂t estimates.
The accuracy of the Gibraltar Strait flow is almost independent
from the accuracy of the rate of change of mass in the basin, river run-
off and the Bosphorus strait flow, as their magnitude is small when
compared to the effect of evaporation and precipitation on the
resulting Gibraltar net flux. The error estimate of G, derived by error
propagation from each component in Table 4, is 25 mm. This value
is 3 times larger than the RMS difference (7 mm) of the various solu-
tions obtained for G from the available data and models. For a realistic
error estimate only the errors in E and P are considered and give an
error of 11 mm/mo for the Gibraltar Strait flow.
3.3. Large-scale influences
In order to gain some insights on the mechanisms driving the
long-term Gibraltar water flux changes described above, we explore
the relationship with major large-scale climate phenomena known
to have had significant influence on decadal climate variability over
the Mediterranean region (Mariotti and Dell'Aquila, 2012). Fig. 6a
shows the DJFM means of the NAO index (NAODJFM) and Mediterra-
nean mean P, R and sea level pressure (SLP), with a 6-year moving av-
erage applied (see Table 6 for correlation values among the various
time-series). Consistently with previous studies, the NAO shows a sig-
nificant negative correlation with regional precipitation (−0.70
based on REOFS). In addition we also find a significant negative corre-
lation with regionally averaged simulated river-discharge (−0.77; as
also shown by Struglia et al. (2004), based on observational river dis-
charge). All correlations are significant at the 99% level. Observed
NAO variability during 1960–2009, with a well-known long-term in-
crease during the 1960s to the early 1990s (Hurrell, 1995), has
resulted in a precipitation and river discharge decrease during winter
with an overall effect on annual means of these water cycle quanti-
ties. This in turn has contributed to increase the Mediterranean Sea
fresh water budget (E-P-R) and related water fluxes at Gibraltar
based on results from this work.
Previous studies have suggested the NAO also impacts Mediterra-
nean sea-level owing to the inverse barometer effect (IB) (e.g. as de-
scribed by Tsimplis and Josey, 2001). However in our study the
altimeter data have been corrected for direct atmospheric effects in-
cluding the IB and the PROTHEUS model does not simulate the effect
of pressure. Therefore the effects of the NAO through local pressure
have been removed and should not impact estimated mass changes
and Gibraltar fluxes. However, for DJFM, we find an anti-correlation
between the NAO index and regionally averaged sea level pressure
SLP (−0.81) and also a significant anti-correlation between the
NAO and Mediterranean rate of mass change ∂M/∂t (−0.64). These
results suggests that the NAO may affect the mass component of sea
level Smass through mechanisms associated to redistribution of
water, other than the atmospheric pressure changes. Those mecha-
nisms could be associated to winds near the Gibraltar strait
(Menemenlis et al., 2007) and to ocean circulation. However, these
hypotheses need to be substantiated by targeted process studies.
Recent studies have shown a significant connection betweenMed-
iterranean Sea SST and the AMO, as well a connection between re-
gional surface air temperature and the AMO particularly during the
summer season (Marullo et al., 2011; Mariotti and Dell'Aquila,
2012). Because of the impact temperature can have on the humidity
gradient and sea surface evaporation, we investigate the linkage be-
tween the AMO and Mediterranean Sea evaporation variability.
Fig. 6b, shows 6-years running means of OAFLUX annual Mediterra-
nean Sea evaporation anomalies together with those of the AMO
index. We find significant positive correlation between evaporation
and the AMO (0.9) which is consistent with the thermodynamical
linkage hypothesized above. Again, this speculated connection
needs to be investigated by further studies using different evapora-
tion datasets and in-depth analyses of the thermodynamic changes
associated with AMO variability in the Mediterranean. If confirmed,
our study suggests that the impact of AMO variability on Mediterra-
nean Sea is not only confined to Mediterranean SST (as also suggested
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Fig. 6. Influence of large-scale climate modes on Mediterranean water mass budget
components. DJFM yearly values of NAO index and anomalies of P, R sea level pressure,
∂M/∂t (note: the signs of the NAO and SLP are reversed) (top panel) and yearly values
of the AMO index and of OAFLUX evaporation anomalies (bottom panel). For all, a
six-year running mean is shown to focus on long-term anomalies.
Table 6
Correlation and significance of climatic index with variables in 1970–2006. For sea
level the component type is indicated by the subscript (tot: total sea level; ster: steric
sea level; thermo-ster: thermo-steric sea level; halo-ster: halo-steric sea level; mass:
mass induced sea level).
Climatic index Field Correlation Significance (%)
NAODJFM ∂M/∂t 0.64 99
NAODJFM SLP (HadSLP) 0.81 99
NAODJFM Preofs −0.70 99
NAODJFM Rprotheus −0.77 99
AMO Eoaflux 0.9 99
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by Mariotti and Dell'Aquila, 2012) but also affects the sea more
broadly with evaporation-driven changes in Gibraltar water fluxes.
4. Conclusions
Wehave explored the long-termvariability of netwater flux into the
Mediterranean Sea at the Gibraltar Strait over the period 1960–2009
based on an approach combining multiple observational datasets and
results from a regional climate model simulation. The approach in-
cludes deriving Gibraltar water fluxes from the application of the full
Mediterranean Sea water budget equation using observationally based
estimates of mass variation (from GRACE satellite and indirect deriva-
tions from steric-corrected sea level changes from altimetry and a
sea-level reconstruction), evaporation, precipitation and simulated
river discharge and Bosphorus Strait water fluxes. This derivation is
compared with results from a simulation using the PROTHEUS regional
ocean–atmosphere coupled model considering both individual water
cycle terms and overall Gibraltar water flux.
Based on observational estimates of Mediterranean Sea mass, we
find that its changes are relatively small compared to water fluxes
at the sea surface and with no long-term trend over 1970–2009.
Hence, the “equilibrium condition” assumption, common to many
Mediterranean Sea models is indeed a reasonable one. As a result, de-
cadal variations in net evaporation (E-P) at the sea-surface drive
changes in net inflow at Gibraltar as dictated by the water budget
equation, while changes in river runoff and net inflow at the Bospho-
rus Strait have a secondary modulating effect. Estimates from this ap-
proach have been compared to the PROTHEUS simulated Gibraltar
Strait water fluxes over the period 1960–2001. Results from both
methodologies point to an increase in net water flux at Gibraltar
over the period 1970–2009 (0.8+/−0.2 mm/mo per year based on
the observational approach) primarily resulting from an increase in
evaporation and a decrease in precipitation during this period.
Above mentioned G increase over 1970–2009 is in the context of
broader decadal including a net Gibraltar water flux decrease during
1960–1970 before the 1970–2009 increase, as found in both observa-
tions and the model simulation.
The accuracy of the Gibraltar Strait flow is virtually independent
from the accuracy in the rate of change of mass in the basin, river runoff
and Bosphorus strait flow, as their effect on the resulting Gibraltar net
flux is small compared to the effect of evaporation and precipitation.
Uncertainties associated with variations of evaporation and precipita-
tion, underlying the observational derivation of Gibraltar fluxes, are
particularly hard to quantify when dealing with decadal timescales. By
means of data intercomparison, Mariotti (2010) showed that although
differences exist in the amplitude of the evaporation increase from the
mid-1990 to late 2010s, this increase is a robust feature of all analyzed
datasets; similarly precipitation decrease from the mid-1970 to the
mid-1990s is also a robust feature seen in various observational
datasets. Hence, the increase in Gibraltar water fluxes over this period
we derive based on observational datasets is also likely to be a robust
feature although the exact amplitude of the increase needs to be further
investigated. An additional boost in confidence in the results for G, is
given by the fact that the PROTHEUS system independently simulates
decadal G variability that is qualitatively similar to that derived fromob-
servations. A priori, because of the model's built-in assumptions
(in primis the “equilibrium condition” assumption), the observational
and model G derivations could have significantly differed. A posteriori
we find that they don't because, aswe find in our observational analysis,
the equilibrium assumption is indeed a reasonable one.
Our investigation points to an important role for large-scale climate
variability, specifically the Atlantic Multi-decadal Oscillation (AMO)
and the North Atlantic Oscillation (NAO) climate modes, in driving ob-
served Gibraltar fluxes which needs to be further investigated. These
climate modes appear to influence net water flux at Gibraltar indirectly
via the influence they bear on regional evaporation, precipitation and
runoff.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.gloplacha.2012.08.007.
Acknowledgments
We thank L. Li and an anonymous reviewer for their comments
that helped to significantly improve our manuscript. We acknowledge
A. Cazenave for helpful discussions, M. Tsimplis and A. Shaw for sup-
port in providing the Medar/Medatlas data. This study was partly car-
ried out in the frame of the projects STREMP funded by the DFG/
SPP1257 and TOPO-EUROPE funded by the EU. The PROTHEUS
model simulation has been performed as part the CIRCE Integrated
Project, funded under the European Commission's Sixth Framework
Program.
References
Adler, R.F., et al., 2003. The version-2 Global Precipitation Climatology Project (GPCP)
monthly precipitation analysis (1979–present). Journal of Hydrometeorology 4,
1147–1167.
Adler, Robert F., Guojun, Gu., Huffman, George J., 2012. Estimating Climatological Bias
Errors for the Global Precipitation Climatology Project (GPCP). Journal of Applied
Meteorology and Climatology 51, 84–99. http://dx.doi.org/10.1175/JAMC-D-11-052.1.
Allan, R., Ansell, T., 2006. A new globally complete monthly historical gridded mean sea
level pressure dataset (HadSLP2): 1850–2004. Journal of Climate 19 (22),
5816–5842.
Artale, V., et al., 2010. An atmosphere–ocean regional climate model for the Mediterra-
nean area: assessment of a present climate simulation. Climate Dynamics 35,
721–740.
Calafat, F., Gomis, D., 2009. Reconstruction of Mediterranean sea level fields for the
period 1945–2000. Global and Planetary Change 66, 225–234. http://dx.doi.org/
10.1016/j.gloplacha.2008.12.015.
Calafat, F.M., Marcos, M., Gomis, D., 2010. Mass contribution to Mediterranean Sea level
variability for the period 1948–2000. Global and Planetary Change 73, 193–201.
http://dx.doi.org/10.1016/j.gloplacha.2010.06.002.
Carillo, A., Sannino, G., Artale, V., Ruti, P.M., Calmanti, S., Dell'Aquila, A., 2012. Steric sea
level rise over the Mediterranean Sea: present climate and scenario simulations.
Climate Dynamics. http://dx.doi.org/10.1007/s00382-012-1369-1.
Criado-Aldeanueva, F., Soto-Navarro, X., Garcia-Lafuente, J., 2010. Seasonal and
interannual variability of surface heat and freshwater fluxes in the Mediterranean
Sea: budgets and exchange through the Strait of Gibraltar Int. Journal of Climatology.
http://dx.doi.org/10.1002/joc.2268.
Dell'Aquila, A., Calmanti, S., Ruti, P., Struglia, M.V., Pisacane, G., Carillo, A., Sannino, G.,
2012. Impacts of seasonal cycle fluctuations in an A1B scenario over the Euro-
Mediterranean region. Climate Research 52, 135–157. http://dx.doi.org/10.3354/
cr01037.
Efron, B., Tibshirani, R.J., 1993. An introduction to the Bootstrap. Chapman & Hall, CRC
Monographs on Statistics & Applied Probability.
Enfield, D.B., et al., 2001. The Atlantic Multidecadal Oscillation and its relationship to
rainfall and river flows in the continental U.S. Geophysical Research Letters 28,
2077–2080.
Fenoglio-Marc, L., Kusche, J., Becker, M., Fukumori, I., 2007. Comments on “On the steric
and mass-induced contributions to the annual sea level variations in the Mediter-
ranean Sea” by D. Garcia et al. Journal of Geophysical Research 112, C12018. http://
dx.doi.org/10.1029/2007JC004196.
Fenoglio-Marc, L., Braitenberg, C., Tunini, L., 2012a. Sea level variability and trends in
the Adriatic Sea in 1993–2008 from tide gauges and satellite altimetry. Physics
and Chemistry of the Earth 40–41, 47–58. http://dx.doi.org/10.1016/j.pce.2011.
05.014.
Fenoglio-Marc, L., Rietbroek, R., Grayek, S., Becker, M., Kusche, J., Stanev, E., 2012b.
Water mass variation in the Mediterranean and Black Sea. Journal of Geodynamics
59–60, 168–182. http://dx.doi.org/10.1016/j.jog.2012.04.001.
Fenoglio-Marc, L., Kusche, J., Becker, M., 2006. Mass variation in the Mediterranean
Sea from GRACE and its validation by altimetry, steric and hydrologic fields. Geo-
physical Research Letters 33, L19606. http://dx.doi.org/10.1029/2006GL026851.
Flechtner F. (2007) GFZ level-2 processing standards documents for level-2 product
release 4, GRACE 327–743, Rev. 1.0.
Fofonoff, 1977. Computation of potential temperature of sea water for an arbitrary
reference pressure. Deep Sea Research 24, 489–491.
Grayek, S., Stanev, E., Kandilarov, R., 2010. On the response of Black Sea o external forcing:
altimeter data and numerical modelling. Ocean Dynamics 60, 123–140.
Greatbatch, R.J., Lu, Y., 2001. Relaxing the Boussinesq Approximation in Ocean Circula-
tion Models. Journal of Atmospheric and Oceanic Technology 1911–1923.
Hurrell, J.W., 1995. Decadal trends in the North-Atlantic Oscillation – regional tempera-
tures and precipitation. Science 269 (5224), 676–679.
Hurrell, J.W., et al., 2003. The North Atlantic Oscillation: Climate Significance and
Environmental Impact. p. 279.
9L. Fenoglio-Marc et al. / Global and Planetary Change 100 (2013) 1–10
Ishii, M., Kimoto, M., 2009. Reevaluation of Historical Ocea Heat Content Variations
with Time-Varying XBT and MBT Depth Bias Corrections. Journal of Oceanography
65, 287–299.
Jones, P.D., et al., 1997. Extension to the North Atlantic Oscillation using early instru-
mental pressure observations from Gibraltar and south-west Iceland. International
Journal of Climatology 17 (13), 1433–1450.
Levitus, S., 1982. Climatological Atlas of the World Ocean. NOAA Professional Paper 13.
U.S. Government Printing Office, Washington D.C. 173pp.
Mariotti, A., 2010. Recent Changes in the Mediterranean Water Cycle: A Pathway to-
ward Long-Term Regional Hydroclimatic Change? Journal of Climate 23.
Mariotti, A., Dell'Aquila, A., 2012. Decadal climate variability in theMediterranean region:
roles of large scale forcing and regional processes. Climate Dynamics. http://
dx.doi.org/10.1007/s00382-011-1056-7.
Mariotti, A., Struglia, M.V., Zeng, N., Lau, K.M., 2002. The hydrological cycle in the med-
iterranean region and implications for the water budget of the Mediterranean Sea.
Journal of Climate 15, 1674–1690.
Marshall, J., Adcroft, A., Hill, C., Perelman, L., Heisey, C., 1997. A finitevolume, incom-
pressible navier stokes model for, studies of the ocean on parallel computers.
Journal of Geophysical Research 102 (C3), 5753–5766.
Marullo, S., Artale, V., Santoleri, R., 2011. The SST multidecadal variability in the Atlantic–
Mediterranean region and its relation to AMO. Journal of Climate 24, 4385–4401.
http://dx.doi.org/10.1175/2011JCLI3884.1.
MEDAR Group, 2002. Medatlas/2002 Database. Mediterranean and Black Sea Database
of Temperature Salinity and Bio-chemical Parameters, Climatological atlas,
IFREMER Edition.
Menemenlis, D., Fukumori, J., Lee, T., 2007. Atlantic to Mediterranean Sea level differ-
ence driven by winds near Gibraltar Strait. Journal of Physical Oceanography 37,
359–376.
Meyssignac, B., Calafat, F.M., Somot, S., Rupolo, V., Stocchi, P., Llovel, W., Cazenave, A.,
2011. Two-dimensional reconstruction of the Mediterranean sea level over
1970–2006 from tide gauge data and regional ocean circulation model outputs.
Global and Planetary Change 77 (1–2), 49–61. http://dx.doi.org/10.1016/j.
gloplacha.2011.03.002.
Naeije, M., Scharroo, R., Doornbos, E., Schrama, E., 2008. Global altimetry sea-level service:
Glass, NUSP-2 report GO 52320 DEO. NIVR/DEOS, Netherlands.
Pal, J.S., Giorgi, F., Bi, X., Elguindi, N., Solmon, F., Gao, X., Rauscher, S., Francisco, R.,
Zakey, A., Winter, J., Ashfaq, M., Syed, F., Bell, J., Diffenbaugh, N., Karmacharya, J.,
Konar´e, A., Martinez, D., da Rocha, R., Sloan, L., Steiner, A., 2007. Regional climate
modeling for the developing world: the ictp regcm3 and regcnet. Bulletin of the
American Meteorological Society 88, 1395–1409.
Rixen, M., Beckers, J.M., Levitus, S., Antonov, J., Boyer, T., Maillard, C., Fichaut, M.,
Baloupos, E., Iona, S., Dooley, H., Garcia, M.-J., Manca, B., Giorgetti, A., Manzella, G.,
Mikhailov, N., Pinardi, N., Zavatarelli, M., 2005. The Western Mediterranean Deep
Water: a proxy for climate change. Geophysical Research Letters 32, L12608. http://
dx.doi.org/10.1029/2005GL022702 (2949-2952).
Sanchez-Garrido, J.C., Sannino, G., Liberti, L., Garcıa-Lafuente, J., Pratt, L., 2011. Numer-
ical Modelling of Three-Dimensional Stratified Tidal Flow Over Camarinal Sill.
Strait of Gibraltar, Journal of Geophysical Research, 116, C12. http://dx.doi.org/
10.1029/2011JC007093.
Sanchez-Roman, A., Sannino, G., Garcia-Lafuente, J., Carillo, A., Criado-Aldeanueva, F.,
2009. Transport estimates at the western section of the Strait of Gibraltar: a com-
bined experimental and numerical modeling study. Journal of Geophysical Research
114, C06002. http://dx.doi.org/10.1029/2008JC005023.
Sannino, G., Carillo, A., Artale, V., 2007. Three‐layer view of transports and hydraulics
in the Strait of Gibraltar: a three‐dimensional model study. Journal of Geophysical
Research 112, C03010. http://dx.doi.org/10.1029/2006JC003717.
Sannino, G., Pratt, L., Carillo, A., 2009a. Hydraulic criticality of the exchange flow
through the Strait of Gibraltar. Journal of Physical Oceanography 39 (11),
2779–2799. http://dx.doi.org/10.1175/2009JPO4075.1.
Sannino, G., Herrmann, M., Carillo, A., Rupolo, V., Ruggiero, V., Artale, V., Heimbach, P.,
2009b. An eddy-permitting model of the Mediterranean Sea with a two-way grid
refinement at the Strait of Gibraltar. Ocean Modelling 30 (1), 56–72.
Santer, B.D., Wigley, T.M.L., Boyle, J.S., Gaffen, D.J., Hnilo, J.J., Nychka, D., Parker, D.E.,
Taylor, K.E., 2000. Statistical significance of trends and trend differences in layer-
average atmospheric temperature time series. Journal of Geophysical Research
105 (D6), 7337–7356. http://dx.doi.org/10.1029/1999JD901105.
Sevault, F., Somot, S., Beuvier, J., 2009. A Regional Version of the NEMO Ocean Engine
on the Mediterranean Sea: NEMOMED8 User's Guide. Note de centre n°107.
CNRM, Toulouse, France.
Smith, T.M., Sapiano, M.R.P., Arkin, P.A., 2008. Historical reconstruction of monthly oce-
anic precipitation (1900–2006). Atmospheres 113, D17115. http://dx.doi.org/
10.1029/2008JD009851.
Song, T., Hou, T., 2006. Parametric vertical coordinate formulation for multiscale
Boussinesq, and non-Boussinesq ocean modeling. Ocean Modelling 11, 298–332.
Soto-Navarro, J., Criado-Aldeanueva, F., García-Lafuente, J., Sánchez-Román, A., 2010.
Estimation of the Atlantic inflow through the Strait of Gibraltar from climatological
and in situ data. Journal of Geophysical Research 115, C10023. http://dx.doi.org/
10.1029/2010JC006302.
Struglia, M.V., Mariotti, A., Filograsso, A., 2004. River discharge into theMediterranean Sea:
climatology and aspects of the observed variability. Journal of Climate 17, 4740–4751.
Tonani, M., Pinardi, N., Dobricic, S., Pujol, I., Fratianni, C., 2008. A high-resolution free-
surface model of the Mediterranean Sea. Ocean Science 4, 1–14.
Tsimplis, M., Josey, S., 2001. Forcing of the Mediterranean Sea by atmospheric oscilla-
tions over the North Atlantic. Geophysical Research Letters 2001 (28), 803–806,5.
Uppala, S.M., KÅllberg, P.W., Simmons, A.J., Andrae, U., Bechtold, V.D.C., Fiorino, M.,
Gibson, J.K., Haseler, J., Hernandez, A., Kelly, G.A., Li, X., Onogi, K., Saarinen, S.,
Sokka, N., Allan, R.P., Andersson, E., Arpe, K., Balmaseda, M.A., Beljaars, A.C.M., Berg,
L.V.D., Bidlot, J., Bormann, N., Caires, S., Chevallier, F., Dethof, A., Dragosavac, M.,
Fisher, M., Fuentes, M., Hagemann, S., Hólm, E., Hoskins, B.J., Isaksen, L., Janssen,
P.A.E.M., Jenne, R., Mcnally, A.P., Mahfouf, J.-F., Morcrette, J.-J., Rayner, N.A.,
Saunders, R.W., Simon, P., Sterl, A., Trenberth, K.E., Untch, A., Vasiljevic, D., Viterbo,
P., Woollen, J., 2005. The ERA-40 re-analysis. Quarterly Journal of the Royal Meteoro-
logical Society 131, 2961–3012.
Valcke, S., Redler, R., 2006. OASIS3 User Guide. PRISM support initiative report, 4. 60 pp.
Yu, L., Jin, X., Weller, R.A., 2008. Multidecade global flux datasets from the Objectively
Analyzed Air–Sea Fluxes (OAFlux) Project: Latent and Sensible Heat Fluxes, Ocean
Evaporation, and Related Surface Meteorological Variables. Woods Hole Oceano-
graphic Institution OAFlux Project Tech. Rep. OA-2008-01. 64 pp.
10 L. Fenoglio-Marc et al. / Global and Planetary Change 100 (2013) 1–10
3.3 L’oce´an Arctique
3.3 L’oce´an Arctique
L’Arctique n’est pas une re´gion vulne´rable a` la monte´e du niveau de la mer en terme de
quantite´ de population menace´e. En effet, la re´gion compte moins de 10 millions d’habitants
re´partis sur une coˆte de 45 000 km de long dont une grande partie subit un mouvement
vertical ascendant conside´rable (ce qui donne un niveau de la mer relatif local qui descend)
du fait du GIA. En revanche d’un point de vue climatique, c’est une re´gion tre`s sensible au
changement climatique global. La re´gion Arctique a connu un re´chauffement plus rapide
que le reste de la plane`te sur les dernie`res de´cennies qui s’est traduit en pArcticulier par
une augmentation forte des tempe´ratures atmosphe´riques et oce´aniques, une diminution
du volume de glace continentale (en pArcticulier au Groenland) et du volume de glace de
mer (Solomon et al. [2007]). On observe aussi a` plus basse latitude la fonte du permafrost,
une diminution du volume d’eau de surface (asse`chement des lacs Sibe´riens par exemple)
et de la couverture neigeuse (Solomon et al. [2007]).
En ce qui concerne l’avenir, les diffe´rents mode`les de climat s’accordent pour pre´dire
en Arctique la plus forte monte´e du niveau de la mer d’ici 2100 (voir Yin et al. [2010];
Pardaens et al. [2011] et section 1.4.2). Ils attribuent cette augmentation a` une baisse de la
salinite´ dans l’oce´an Arctique qui ferait suite a` la fonte des glaces de mer et des glaciers du
Groenland et a` une augmentation des pre´cipitations et du de´bit des fleuves dans la re´gion.
Les observations passe´es et re´centes montrent que l’e´tendue des glaces de mer a de´ja`
diminue´ de plus de 30% au cours des 30 dernie`res anne´es (voir par exemple Polyakov et al.
[2012]). De meˆme, de nombreuses e´tudes ont montre´ que le Groenland perd de la masse
depuis les anne´es 1990 (au moins) et que cette perte s’est intensifie´e (de ∼40% ) depuis
2003-2004 (voir par exemple Rignot et al. [2011]). Enfin les mesures in-situ hydrographiques
montrent aussi que la salinite´ diminue dans l’oce´an Arctique ( McPhee et al. [2009]). Ces
diffe´rents e´le´ments re´ve`lent qu’une partie des processus qui expliquent la monte´e du niveau
de la mer en Arctique au cours du XXIe`me sie`cle dans les mode`les de climat est de´ja` en
train de se re´aliser depuis les anne´es 1990, voire plus toˆt encore. On peut donc s’attendre
a` observer une monte´e du niveau de la mer pArcticulie`rement rapide en Arctique sur les
dernie`res de´cennies. C’est ce que nous avons cherche´ a` de´terminer dans l’e´tude intitule´e
”Tide gauge-based sea level variations since 1950 along the Norvegian and Russian coasts
of the Arctic Ocean ; Contribution of the steric component”
Re´sume´ de l’Arcticle : ”Tide gauge-based sea level variations since 1950
along the Norvegian and Russian coasts of the Arctic Ocean ; Contribution of
the steric component” (l’Arcticle original est inse´re´ a` la fin de cette section 3.3).
Dans cette e´tude nous analysons les donne´es de 62 mare´graphes qui se situent sur les coˆtes
Norve´giennes et Russes de l’oce´an Arctique et qui couvrent une pe´riode d’une soixantaine
d’anne´es de 1950 a` 2009. Sur la pe´riode totale, la moyenne des mare´graphes indique une
augmentation du niveau de la mer en Arctique de 1.6 mm.a-1 ce qui est en accord avec la
moyenne globale du niveau de la mer. En revanche quand on regarde les variations inter-
annuelles a` multi-de´cennales, il apparait que le niveau de la mer est reste´ stable avec une
tendance quasi nulle jusqu’en 1980 puis a augmente´ fortement au rythme de 4.2 mm.a-1
de 1990 a` 2009. Avant 1990 le niveau moyen des mare´graphes est fortement corre´le´ a`
l’Oscillation Arctique (AO) qui est un mode de variabilite´ naturel de l’atmosphe`re sur la
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re´gion. Mais apre`s 1990, il augmente fortement et ne suit plus l’AO. L’analyse des donne´es
thermoste´riques et haloste´riques in situ sur le gyre subpolaire Nord Atlantique, la mer
du Nord, du Groenland et de Norve`ge indiquent aussi un changement significatif autour
des anne´es 1995 avec une soudaine augmentation des tempe´ratures et de la salinite´. Ces
re´sultats se confirment le long des coˆtes Norve´giennes et Russes.
En re´sume´, sur les 60 dernie`res anne´es, les mare´graphes montrent que le niveau de
la mer en Arctique n’a pas augmente´ plus vite que la moyenne globale. Cependant ils
montrent aussi un changement important vers les anne´es 1995 qui se traduit par une
augmentation tre`s forte du niveau de la mer coˆtier en lien avec une augmentation des
tempe´ratures de la mer. Ces e´le`ments sugge`rent un changement dans la variabilite´ du niveau
de la mer en Arctique vers 1995 qui aurait pour origine des modifications re´gionales de la
structure thermo-haline de l’oce´an. Ces modifications semblent aussi lie´es a` un changement
dans les interactions atmosphe`re-ocean locales car avant 1995 on observait depuis plusieurs
de´cennies une covariabilite´ du niveau de la mer avec l’AO qui est un mode de variabilite´
atmosphe´rique et qu’elle n’est plus visible depuis 1995 dans les donne´es.
Il est inte´ressant de noter que la covariabilite´ du niveau de la mer avec l’AO avant 1995
(et l’absence de covariabilite´ apre`s 1995) est encore vrai lorsque l’on ne conside`re que les
mare´graphes du secteur Norve´gien ou que les mare´graphes du secteur Russe. Ceci tend
a` montrer que le changement de´tecte´ en 1995 se fait a` grande e´chelle. Cependant il est
difficile de l’extrapoler a` tout le bassin ou de se faire une ide´e de sa re´partition spatiale car
la re´partition ge´ographique des mare´graphes est e´parse et tre`s fortement biase´e vers l’Est
du bassin.
Les nouvelles donne´es altime´triques produites par Prandi et al. [in press] sur l’Arc-
tique permettent d’obtenir des mesures qui couvrent une grande partie de l’oce´an Arctique
(jusqu’a` 82˚ N) sur la pe´riode 1993-2009. Ces donne´es re´ve`lent une forte variabilite´ re´gionale
(voir Fig. 3.4) avec des tendances du niveau de la mer e´leve´es au Sud du Groenland et dans
le gyre de Beaufort. Mais en moyenne sur le bassin, elles donnent une courbe du niveau de
la mer tre`s proche de celle que nous avons obtenue a` partir de la moyenne des mare´graphes.
Cela confirme la porte´e re´gionale a` l’e´chelle de l’Arctique, des re´sultats coˆtiers que nous
avons e´tablis dans l’Arcticle Henri et al. [2012]. En pArcticulier le changement de re´gime
de´tecte´ en 1995 s’est probablement re´alise´ sur l’ensemble du bassin et pas seulemement le
long des coˆtes ou sur le talus continental. Ne´anmoins, Il reste difficile de ce faire une ide´e
des changements dans la variabilite´ 2D du niveau de la mer autour de 1995 avec l’altime´trie
seulement car les donne´es de´butent en 1993. Pour pallier a` ce proble`me, nous avons donc
propose´ une reconstruction du niveau de la mer en Arctique. Les reconstructions glob-
ales du niveau de la mer en 2 dimensions ne couvrent pas l’oce´an Arctique car en ge´ne´ral
les mode`les ou les mesures dont sont extraites les EOFs pour l’interpolation spatiale ne
couvrent pas cette re´gion. De plus, les reconstructions globales que nous avons effectue´es
ne prenaient pas en compte les mare´graphes de l’Arctique. Nous avons donc de´veloppe´
une reconstruction de´die´e a` l’oce´an Arctique en s’appuyant sur les nouvelles donne´es al-
time´triques de Prandi et al. [in press] qui couvrent de´sormais une large part de l’Arctique et
en utilisant les se´ries mare´graphiques traite´es dans l’Arcticle pre´sente´ plus haut. A la date
de soumission de cette the`se les re´sultats sont encore pre´liminaires et semblent confirmer




Figure 3.4 – Tendances re´gionales du niveau de la mer entre 1993 et 2009 estime´e a` partir des
donne´es retraite´es de Prandi et al. [in press]. La tendance moyenne du bassin de 3.6 mm.a-1 a e´te´
retire´e.
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Tide gauge-based sea level variations since 1950 along
the Norwegian and Russian coasts of the Arctic Ocean:
Contribution of the steric and mass components
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[1] We investigate sea level change and variability in some areas of the Arctic region over
the 1950–2009 period. Analysis of 62 long tide gauge records available during the studied
period along the Norwegian and Russian coastlines shows that coastal mean sea level
(corrected for Glacial Isostatic Adjustment and inverted barometer effects) in these two
areas was almost stable until about 1980 but since then displayed a clear increasing trend.
Until the mid-1990s, the mean coastal sea level closely follows the fluctuations of the
Arctic Oscillation (AO) index, but after the mid-to-late 1990s the co-fluctuation with the
AO disappears. Since 1995, the coastal mean sea level (average of the Norwegian and
Russian tide gauge data) presents an increasing trend of 4 mm/yr. Using in situ ocean
temperature and salinity data down to 700 m from three different databases, we estimated
the thermosteric, halosteric and steric (sum of thermosteric and halosteric) sea level since
1970 in the North Atlantic and Nordic Seas region (incomplete data coverage prevented us
from analyzing steric data along the Russian coast). We note a strong anti-correlation
between the thermosteric and halosteric components both in terms of spatial trends and
regionally averaged time series. The latter show a strong change as of 1995 that indicates
simultaneous increase in temperature and salinity, a result confirmed by the Empirical
Orthogonal Function decomposition over the studied region. Regionally distributed steric
data are compared to altimetry-based sea level over 1993–2009. Spatial trend patterns of
observed (altimetry-based) sea level over 1993–2009 are largely explained by steric
patterns, but residual spatial trends suggest that other factors contribute, in particular
regional ocean mass changes. Focusing again on Norwegian tide gauges, we then compare
observed coastal mean sea level with the steric sea level and the ocean mass component
estimated with GRACE space gravimetry data and conclude that the mass component has
been increasing since 2003, possibly because of the recent acceleration in land ice melt.
Citation: Henry, O., P. Prandi, W. Llovel, A. Cazenave, S. Jevrejeva, D. Stammer, B. Meyssignac, and N. Koldunov (2012),
Tide gauge-based sea level variations since 1950 along the Norwegian and Russian coasts of the Arctic Ocean: Contribution of the
steric and mass components, J. Geophys. Res., 117, C06023, doi:10.1029/2011JC007706.
1. Introduction
[2] During the past few decades, the Arctic region has
warmed at a faster rate than the rest of the globe in response
to anthropogenic climate change [Intergovernmental Panel
on Climate Change, 2007]. Air temperature increase [e.g.,
Bekryaev et al., 2010; Chylek et al., 2010], sea ice extent
and thickness decrease [e.g.,Kwok et al., 2009; Stroeve et al.,
2007] and Greenland ice sheet mass loss [e.g., Holland et al.,
2008; Steffen et al., 2010; Rignot et al., 2011] are now among
the most visible effects of global warming in the Arctic
region. Other phenomena have been reported as well, such as
permafrost thawing [Lawrence et al., 2008], drying of
Siberian lakes [Smith et al., 2005], Arctic Ocean surface
warming [Karcher et al., 2003; Polyakov et al., 2005],
decline in snow cover and lake ice [Lemke et al., 2007], etc.
[3] Several studies have been dedicated to study Arctic sea
level along the Russian coastlines [Proshutinsky et al., 2001,
2004, 2007a, 2011]. Proshutinsky et al. [2004] estimated sea
level change using data from Russian tide gauges released in
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2003 by the Arctic and Antarctic Research Institute in St
Petersburg (Russia). These authors found that over the
period 1950–2000, the mean sea level along the Russian
coastlines rose at a mean rate of 1.85 mm/yr after correcting
for the Glacial Isostatic Adjustment (GIA) process. They
estimated the different contributions to this rate of rise.
Using an ocean model [Häkkinen and Mellor, 1992], they
reported a contribution of 35% for the steric effects (due to
ocean temperature and salinity variations). Decrease in
atmospheric sea level pressure was found to account for 30%
of the observed trend while winds had a minor role,
accounting for10% to the trend. Since then, the state of the
sea level in the Siberian sector of the Arctic Ocean is pro-
vided annually by Proshutinsky et al. [2007b, 2009, 2011].
[4] In the present study we revisit the sea level variations
over the 1950–2009 time span, considering all available tide
gauge data in the Arctic sector, north of 55N. Thus in
addition to the Russian tide gauges, we also consider tide
gauge data along the Norwegian coastlines (no tide gauge
records from the Canadian Arctic region are long enough to
be usable). We derive mean sea level time series for these
two areas and a combined “mean” sea level time series
representative of the whole Eurasian sector of the coastline is
produced. The present work differs from previous published
studies [e.g., Proshutinsky et al., 2001, 2004] in several
aspects: we consider tide gauge data in a larger region
(Russian and Norwegian coastlines) and estimate the steric
contribution (i.e., the effects of ocean temperature and
salinity variations) from observations rather than models
using in situ hydrographic measurements from three differ-
ent databases. Because we focus on the steric component
and for the purpose of improved comparison, we correct
observed sea level for GIA and atmospheric pressure loading
effect. Availability of spatially distributed temperature and
salinity data in the North Atlantic and Nordic Seas sectors
allows us also to investigate the spatiotemporal variability in
steric sea level in that region since 1970. Finally we also
present spatially distributed sea level from satellite altimetry
since 1993 and perform comparisons with steric data over
the altimetry period, and since 2002 with GRACE (Gravity
Recovery and Climate Experiment)-based ocean mass.
2. Tide Gauge Sea Level Data From the
Norwegian and Russian Sectors
[5] We use monthly Revised Local Reference (RLR) tide
gauge records from the Permanent Service for Mean Sea
Level (PSMSL) [Woodworth and Player, 2003]. Data have
been downloaded from http://www.psmsl.org/. These
records include 11 sites along the Norwegian coast, 48 sites
along the Russian coast and 3 island sites (Reykjavik, Ler-
wick and Torshavn). Tide gauge data from the Russian
sector have been released only a few years ago (2003) and
start in the 1950s. These data were used by Proshutinsky et al.
[2004] but at that time no data beyond 1999 were available.
Fortunately, updated (up to 2009) sea level data from the
Russian tide gauges are now available in the PSMSL data-
base. Information about the Russian tide gauge data and their
accuracy can be found in Proshutinsky et al. [2007a].
[6] We consider two sets of data: (1) almost continuous
records over the period 1950–2009 (hereafter data set1) and
(2) combination of records covering the whole 1950–2009
period and shorter records also starting in the 1950s but
ending around year 1990 (data set2). In some cases a few
data gaps are observed. If the gap is less than 3 years, we
linearly interpolate the missing data. Otherwise we exclude
the time series. This leaves us with 27 tide gauge records for
data set1 (11 sites along the Norwegian coast, 3 island sites
and 13 sites along the Russian coast with almost continuous
data over 1950–2009). When adding the Russian tide gauges
of data set1 the shorter records all located along the Russian
coastlines, we obtain data set2 corresponding to a total of 48
Russian tide gauges time series. Location and site name for
the 62 sites are shown in Figure 1 and Tables 1a and 1b.
[7] There are no tide gauges along the Canadian coast-
lines. In the PSMSL database a few tide gauge records from
this region are available but non exploitable. They were
much too short and generally affected by multi decade-long
gaps. We explored the possibility to collect data in other
databases (i.e., Fisheries and Oceans Canada) but could not
find usable data for the purpose of the present study.
[8] As we focus here on interannual to multidecadal time
scales, we removed the seasonal cycles from the monthly
tide gauge sea level time series, by fitting sinusoids with
periods of 12 and 6 months (after closing data gaps). As this
procedure may not be optimal if seasonal cycles are not
purely sinusoidal, we further applied a 12-month running
mean smoothing to each tide gauge time series. Figure 2
shows for two tide gauge sites (Bergen, Norway and
Anderma, Russia) the raw tide gauge time series, the raw
time series after removing the 12-month and 6-month
sinusoids and the smoothed time series (after applying a
12-month running mean smoothing to the raw tide gauge
data corrected for the 12-month and 6-month cycles).
3. Effects of Glacial Isostatic Adjustment and
Atmospheric Pressure on Coastal Sea Level
[9] Because in this study we focus on the steric sea level
contribution to observed sea level, the tide gauge data need
to be corrected for unrelated effects such as GIA and the
effect of atmospheric pressure loading. We examine below
these two effects.
3.1. GIA Effect at the Tide Gauge Sites
[10] We corrected the tide gauge-based sea level for GIA.
The GIA correction is crucial in the Arctic region because
this effect is of the same order of magnitude as (or even
larger than) the sea level rates. We used different GIA
models: Peltier’s [2004, 2009] models with different degla-
ciation histories (ICE-3G and ICE-5G) and different Earth’s
mantle viscosity structures (VM2 and VM4). We noticed
quite large differences between the models in a number of
sites. To illustrate this, Figure 3 compares GIA rates in the
Arctic region from the ICE-5G model for the VM2 and VM4
viscosity structures and the ICE-3G model (VM2 viscosity
structure). ICE-5G model gives GIA rates of much larger
amplitude than ICE-3G. To a lesser degree, some differences
are also noticed between the ICE-5G VM2 and VM4 vis-
cosity structures. To discriminate between the various solu-
tions, we decided to choose the model version that
minimizes sea level trend differences between tide gauge-
based and altimetry-based data during the altimetry period
(1993–2009) at the considered tide gauge sites (see section 5).
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This led us to retain the ICE-5G/VM2 model to correct for
GIA the tide gauge records. However, as we can see from
Figure 3, differences between ICE-5G/VM2 and ICE-5G/
VM4 are small in the Norwegian and Russian sectors, the
region of interest in this study. In Tables 1a and 1b GIA trends
(ICE5G-VM2 model) at each tide gauge site are given.
[11] Estimating the accuracy of the GIA correction is not
an easy task. Some comparisons can be performed at some
selected sites of the Norwegian coast between the preferred
GIA correction used in this study and GPS-based crustal
uplift rates. For example, using GPS precise positioning,
Vestøl [2006] finds a crustal uplift in the range 1.2 mm/yr –
1.5 mm/yr in the southwesten part of Norway, in reasonable
agreement with the ICE5G-VM2 GIA correction for the tide
gauge of this area (see Tables 1a and 1b; note the reversed
sign because the GIA correction is expressed in terms of
equivalent sea level).
3.2. Atmospheric Pressure Loading
[12] Proshutinsky et al. [2001, 2004] studied in detail the
effects on sea level of atmospheric loading and wind stress at
the Russian tide gauge sites, using a 2-D coupled barotropic
ocean-ice model (see details in the two references quoted
above). Over the period 1950–1990/2000, they found that
wind stress was responsible of the high frequency variability
but caused insignificant trends in sea level, unlike the
atmospheric pressure load that accounted for about 30% of
the observed sea level trend. Unlike in Proshutinsky et al.
[2004], we here do not correct sea level for wind stress
effects. Partly this is justified since we are not interested in
the high-frequency non static atmospheric response. On the
other hand, changing wind-forcing results in a changing cir-
culation which in turn leads to heat redistribution, hence to
steric changes, i.e., the signal we are investigating here. Thus
our preferred approach is to separately estimate steric chan-
ges, and then compare observed sea level with the steric
component. On the other hand, we corrected for the static
atmospheric pressure loading effect (also called inverted
barometer effect, denoted IB hereafter) in the tide gauge
records.
[13] To correct for the atmospheric loading effect we used
surface pressure fields from the National Centers for Envi-
ronmental Prediction (NCEP) [Kalnay et al., 1996] (http://
www.ncep.noaa. gov/), which are available on a 1.5  1.5
grid and at monthly intervals. To correct for the IB effect at the
tide gauges sites, we tested three different methods: (1) using
pressure data from the nearest grid point of the tide gauge site,
(2) computing an average pressure within a 1 radius around
the tide gauge, and (3) interpolating gridded pressure data at
the tide gauge site. The three methods gave similar results. The
IB correction was computed using the classical static correc-
tion relating sea level to surface atmospheric pressure [e.g.,
Ponte, 2006]. It should be stressed that this represents only the
static response of sea level to atmospheric forcing. It is well
known that dynamical effects also exist, in particular at short
time scales (periods from hours to weeks) [Wunsch and
Stammer, 1997]. Thus more realistic sea level responses to
atmospheric forcing have been developed [e.g., Carrère and
Lyard, 2003]. However, in such models, the model response
is essentially similar to the static one on time scales longer than
Figure 1. Distribution of the 62 tide gauges available in the Arctic region. Color indicates the length of
the record in years as of 1950.
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one month. In the Arctic, the situation is more complex as non-
static responses have been reported to exist on time scales
between one month and one year (F. Lyard, personal com-
munication, 2012). But for the purpose of the present study in
which we focus on time scales longer than 1-year, the static
response is a good approximation of the atmospheric pressure
loading effect (F. Lyard, personal communication, 2012). In
Figure 3 are also shown IB trends over the Arctic region (same
area as for GIA) over 1950–2009. For this time span, IB trends
are on the order of 0.5 mm/yr.
[14] In the following, we compute the IB correction at
each tide gauge site using method 1. As for tide gauge-based
sea level, the seasonal cycles are removed and a 12-month
running mean smoothing is applied.
[15] Figure 4 shows individual tide gauge-based sea level
time series in the Norwegian and Russian sectors (data
set1 only) (seasonal cycles removed and further applying
a 12-month running mean smoothing) corrected for GIA
(ICE5G-VM2 model), with and without the IB correction.
At most stations, the corrected and uncorrected curves show
small differences. Accounting for the IB correction in gen-
eral reduces the amplitude of the interannual variability.
IB trends computed for each tide gauge operating period are
presented in Tables 1a and 1b. For data set1, IB trends range
between 0 and 0.3 mm/yr, except at Golomianyi (Russia)
where the trend reaches 0.4 mm/yr.
[16] Tables 1a and 1b summarize tide gauge trends after
correcting for GIA and IB over two time spans: the total
operating period of each tide gauge and the 1993–2009
satellite operating time span.
3.3. Mean Coastal Sea Level in the Norwegian and
Russian Sectors: Trend and Interannual Variability
[17] The coastal “mean” sea level (corrected for GIA and
IB) (hereafter called CMSL) is displayed in Figure 5 sepa-
rately for the Norwegian and Russian sectors (data sets 1 and
2) based on averages of individual time series in each region.
The light gray area around each curve represents the uncer-
tainty of the corresponding CMSL. It is computed from the
root-mean squared (RMS) difference between individual
time series and the mean.
[18] The Norwegian CMSL curve shows a slight down-
ward trend between 1950 and 1975/1980, followed by an
upward trend beyond 1980. The Russian CMSL curves (data
sets 1 and 2) are rather similar, with an almost flat behavior
between 1950 and 1975/1980 followed by an upward trend
since then. This upward trend since about 1980 appears
common to both Norwegian and Russian coastal regions,
and thus seems to be a robust feature. For that reason, we
averaged CMSL of the Norwegian and Russian sectors, plus
the 3 island time series (i.e., 62 records in total) to obtain an
Arctic CMSL over the whole Eurasian sector (in the fol-
lowing, we use the term ‘Arctic CMSL’ for this regional
average). Arctic CMSL and associated uncertainty (com-
puted as indicated above) over 1950–2009 is shown in
Figure 6. As for the Norwegian and Russian sectors, the
Arctic CMSL displays high interannual variability but
almost no trend until the end of the 1970s. Subsequently it
shows an increasing trend with two periods of marked rise:
between 1980 and 1990 and since about 1995. The Arctic




















Reykjavik Iceland 1956–2010 338.07 64.15 1.23 0.21 3.42 7.43
Torshavn Faroe Islands 1957–2006 353.23 62.02 1.31 0.37 0.11 4.76
Lerwick United Kingdom 1950–2010 358.87 60.15 0.12 0.24 0.11 3.27
Maloy Norway 1950–2010 5.12 61.93 0.71 0.07 1.22 4.27
Bergen Norway 1950–2010 5.30 60.40 1.48 0.02 1.81 3.59
Alesund Norway 1950–2010 6.15 62.47 0.94 0.14 1.76 3.83
Kristian Norway 1952–2010 7.73 63.12 1.49 0.14 0.34 4.06
Heimsjo Norway 1950–2010 9.12 63.43 2.24 0.00 0.72 3.85
Bodo Norway 1950–2010 14.38 67.28 1.73 0.17 0.30 1.41
Kabelvag Norway 1950–2010 14.48 68.22 0.66 0.13 0.28 2.44
Harstad Norway 1952–2010 16.55 68.80 1.12 0.30 0.05 3.23
Narvik Norway 1950–2010 17.42 68.43 2.18 0.12 0.29 1.67
Tromso Norway 1952–2010 18.97 69.65 1.30 0.27 1.09 3.16
Hammerfest Norway 1957–2010 23.67 70.67 1.71 0.27 2.33 4.44
Murmansk Russia 1952–2010 33.05 68.97 2.10 0.28 5.63 7.49
Amderma Russia 1950–2009 61.70 69.75 0.39 0.24 4.24 11.69
Vise Russia 1953–2009 76.98 79.50 2.66 0.29 2.62 0.38
Izvestia Tsik Russia 1954–2009 82.95 75.95 0.58 0.30 3.04 2.83
Golomianyi Russia 1954–2009 90.62 79.55 1.61 0.41 0.36 0.58
Dunai Russia 1951–2009 124.50 73.93 0.46 0.26 2.56 12.52
Tiksi Russia 1950–2009 128.92 71.58 0.58 0.27 2.06 6.08
Sannikova Russia 1950–2009 138.90 74.67 0.49 0.19 1.74 5.01
Kigiliah Russia 1951–2009 139.87 73.33 0.55 0.15 0.95 3.32
Aion Russia 1954–2001 167.98 69.93 0.36 0.08 0.96 /
Pevek Russia 1950–2009 170.25 69.70 0.35 0.07 3.66 8.77
Vrangelia Russia 1950–2000 181.52 70.98 0.19 0.08 2.32 /
Vankarem Russia 1950–2002 184.17 67.83 0.06 0.14 2.78 /
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CMSL trend over 1980–2009 amounts to 2.25 +/ 0.26mm/yr.
The latter value compares well with the global mean sea
level trend over the same time span (1980–2009) (equal to
2.09 +/ 0.04 mm/yr [Church andWhite, 2011]). On average
over the whole 60-year time span (1950–2009), we find a
positive Arctic CMSL trend of 1.62 +/ 0.11 mm/yr (after
correcting for GIA and IB). For the Russian sector alone,
Proshutinsky et al. [2004] found a rate of sea level rise of
about 1.3 mm/yr over 1954–1989 after correcting for GIA
and IB. Over the same time span (1954–1989), our Arctic
CMSL trend amounts to 1.70 +/ 0.24 mm/yr. This trend is
slightly larger than Proshutinsky et al.’s [2004] value, but
refers to both Russian and Norwegian coasts.
[19] Considering only the 27 time series of data set1 to
construct Arctic CMSL (not shown) gives the same result.
Again Arctic CMSL rate is quite similar to the global mean
rate over 1950–2009 (1.8 +/ 0.15 mm/yr [Church and
White, 2011]). Thus so far, Arctic CMSL does not seem to
rise faster than the global mean sea level.
[20] As indicated above, strong interannual variability
affects Arctic CMSL. On Figure 6, we superimposed the
Arctic Oscillation (AO) index to the CMSL curve. The AO
is an important climate index of the Arctic region, referring
to opposing atmospheric pressure patterns in northern mid-
dle and high latitudes. It exhibits a negative phase with




















Mys Pikshueva Russia 1955–1990 32.433 69.55 1.84 0.39 1.48 /
Murmansk II Russia 1952–1993 33.05 68.967 2.1 0.38 2.86 /
Murmansk Russia 1952–2010 33.05 68.967 2.1 0.28 5.63 7.49
Polyarniy Russia 1950–1990 33.483 69.2 1.46 0.23 0.23 /
Teriberka Russia 1950–1990 35.117 69.2 0.7517 0.24 0.75 /
Bolvanskii Russia 1951–1993 59.083 70.45 0.79 0.44 3.22 /
Ugorskii Shar Russia 1950–1989 60.75 69.817 0.49 0.27 0.84 /
Amderma Russia 1950–2009 61.7 69.75 0.39 0.24 4.24 11.69
Russkaia Gavan II Russia 1953–1993 62.583 76.183 2.35 0.49 1.49 /
Russkaya Gavan Russia 1953–1991 62.583 76.2 2.37 0.31 1.28 /
Vise Russia 1953–2009 76.983 79.5 2.66 0.29 2.62 0.38
Dikson Russia 1950–1997 80.4 73.5 0.19 0.5 1.55 /
Uedinenia Russia 1953–1995 82.2 77.5 1.91 0.56 2.11 /
Izvestia Tsik Russia 1954–2009 82.95 75.95 0.58 0.3 3.04 2.83
Sterlegova Russia 1950–1995 88.9 75.417 0.51 0.55 2.14 /
Isachenko Russia 1954–1993 89.2 77.15 1.58 0.65 4.49 /
Golomianyi Russia 1954–2009 90.617 79.55 1.61 0.41 0.36 0.58
Pravdy Russia 1950–1994 94.767 76.267 1.01 0.52 3.24 /
Russkii Russia 1951–1989 96.433 77.167 1.24 0.28 2.61 /
Krasnoflotskie Russia 1954–1987 98.833 78.6 0.95 0.04 3.05 /
Geiberga Russia 1951–1995 101.517 77.6 0.78 0.55 2.83 /
Peschanyi Russia 1962–1993 102.483 79.433 0.22 0.67 3.59 /
Fedorova Russia 1950–2000 104.3 77.717 0.47 0.3 1.84 /
Malyi Russia 1950–1991 106.817 78.083 0.16 0.43 2.43 /
Andreia Russia 1951–1999 110.75 76.8 0.12 0.54 3.3 /
Preobrazhenia Russia 1951–1991 112.933 74.667 0.39 0.41 0.45 /
Terpiai Russia 1956–1998 118.667 73.55 0.5 0.5 2.24 /
Dunai Russia 1951–2009 124.5 73.933 0.46 0.26 2.56 12.52
Tiksi Russia 1950–2009 128.917 71.583 0.58 0.27 2.06 6.08
Muostah Russia 1951–1995 130.033 71.55 0.58 0.41 3.03 /
Sannikova Russia 1950–2009 138.9 74.667 0.49 0.19 1.74 5.01
Kigiliah Russia 1951–2009 139.867 73.333 0.55 0.15 0.95 3.32
Sviatoi Russia 1951–1987 140.733 72.833 0.56 0.35 3 /
Zemlia Russia 1951–1987 142.117 74.883 0.48 0.6 3.78 /
Shalaurova Russia 1950–2001 143.233 73.183 0.55 0.01 1.18 /
Zhohova Russia 1950–2000 152.833 76.15 0.14 0.29 1.91 /
Ambarchik Russia 1950–1995 162.3 69.617 0.47 0.02 3.63 /
Chetyrehstolbovoi Russia 1951–1994 162.483 70.633 0.4 0.03 1.73 /
Rau-Chua Russia 1950–1989 166.583 69.5 0.42 0.04 0.73 /
Aion Russia 1954–2001 167.983 69.933 0.36 0.08 0.96 /
Pevek Russia 1950–2009 170.25 69.7 0.35 0.07 3.66 8.77
Valkarkai Russia 1956–1993 170.933 70.083 0.3 0.15 3.46 /
Billinga Russia 1953–1995 175.767 69.883 0.21 0.07 1.92 /
Mys Shmidta Russia 1950–1994 180.633 68.9 0.13 0.03 1.86 /
Vrangelia Russia 1950–2000 181.517 70.983 0.19 0.08 2.32 /
Vankarem Russia 1950–2002 184.167 67.833 0.06 0.14 2.78 /
Koluchin Russia 1950–1991 185.35 67.483 0.04 0.17 2.54 /
Netten Russia 1950–1995 188.067 66.967 0.07 0.08 1.92 /
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relatively high pressure over the polar region and low pres-
sure at midlatitudes, and a positive phase during which the
pattern is reversed. Over most of the past century, the AO
alternated between its positive and negative phases. Starting
in the 1970s, however, the oscillation has tended to stay in
the positive phase, with strong positive values in the early
1990s. During the past decade, the AO has been low and
much variable. A number of previous studies reported that
several meteorological and climatic variables of the Arctic
region are highly correlated with the AO index (and with the
North Atlantic Oscillation -NAO- [e.g., Chylek et al., 2010]).
[21] Looking at Figure 6, we indeed observe significant
correlation between Arctic CMSL curve and AO up to
1995–2000. Most of the large interannual oscillations seen
in the CMSL curve, in particular the high positive anomaly
in the early 1990s, are also visible in the AO index. The
correlation, between 1950 and 1995, amounts to 0.68 (95%
confidence). However, surprisingly, beyond the mid-1990s
and especially since 2000, the correlation breaks down, even
if at interannual time scale, there is still some agreement
between the two curves. The Arctic CMSL shows sustained
rise since about 1995 while the AO index does not, oscil-
lating between positive and negative values. We performed
tests with other climate indices such the NAO but the cor-
relation between CMSL and AO was found higher.
[22] It seems surprising at first look to find a significant
correlation between AO and IB-corrected CMSL because
AO is purely sea level pressure-based parameter. However,
AO also reflects large-scale atmospheric forcing and is a
measure of the polar vortex, which defines changes in wind
stress and wind direction that may influence the ocean cir-
culation, hence sea level. So far we have just corrected for the
purely static IB effect. The observed correlation thus sug-
gests that other factors (e.g., wind stress and associated cir-
culation changes, and ocean mass changes due to land ice
melt and possibly river runoff) contribute to the year-to-year
variability in CMSL.
[23] The above results indicate that between 1950 and the
mid-to-late 1990s, Arctic CMSL was mostly driven by
internal climate modes, in particular the AO, possibly
through changes in wind stress and associated ocean circu-
lation (although quantitative analyses of the latter effects
Figure 4. Plots of individual tide gauge time series with (solid line) and without (dashed line) the IB cor-
rection over 1950–2009 for the (left) Norwegian sector (11 tide gauges) and (right) Russian sector (13 tide
gauges).
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Figure 5. CMSL curves in the Norwegian (data set1) and Russian sectors (data set1 and 2). The light
gray zone represents the uncertainty of the CMSL time series.
Figure 6. Arctic CMSL curve (red solid curve) and associated uncertainty (light gray zone). Arctic oscil-
lation index is superimposed (black dashed curve).
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remain to be performed), as well as ocean mass changes.
Since the mid-to-late 1990s, Arctic CMSL shows a marked
rise of 4.07 +/ 0.65 mm/yr.
4. Steric Sea Level in the North Atlantic
and Nordic Seas
4.1. Steric Data
[24] In this section we estimate the contribution of the
steric (effect of ocean temperature T (thermosteric compo-
nent) and salinity S (halosteric component)) sea level to
Arctic CMSL. For that purpose, we use T/S data from 3 dif-
ferent databases: the WOD09 [Levitus et al., 2009], the Ishii
and Kimoto [2009] (called IK09 hereafter) databases and the
EN3 database developed by the Met Office/Hadley Centre,
UK [Ingleby and Huddleston, 2007]. The EN3 database
consists of the WOD05 database [Levitus et al., 2005] plus
additional T data from the ASBO (Arctic Synoptic Basin-
wide Oceanography) project (see NOCS ASBO web page:
http://www.noc.soton.ac.uk/ooc/ASBO/index.php) and Argo
project. The WOD09 and IK09 databases account for depth-
bias corrections on XBT temperature data [e.g.,Wijffels et al.,
2008], unlike the WOD05 data included in the EN3 gridded
database (after this study was started, XBT depth bias cor-
rections were posted along T profiles on the EN3 web site;
however, accounting for profile-based depth bias corrections
was found beyond the scope of the present study; neverthe-
less the EN3 database include a large portion of non XBT
data which do not suffer from XBT depth-bias). The T/S data
from the 3 databases are publicly available at: http://www.
nodc.noaa.gov/OC5/indprod.html for WOD09; http://atm-
phys.nies.go.jp/ism/pub/ProjD/v6.9/ for IK09; and http://
www.metoffice.gov.uk/hadobs/en3/index.html for EN3.
[25] The depth and time coverage of these data is very
inhomogeneous in the studied region, leaving much of the
Arctic Ocean uncovered. This is illustrated in Figure 7 which
shows for three periods (1960–1969, 1980–1989 and 2000–
2009) T and S data coverage (from EN3) down to 700 m
(coverage is shown for the 0–50 m, 0–200 m and 0–700 m
upper ocean layers). The coverage during the 1960s and
Figure 7. (top) Temperature and (bottom) salinity profile coverage (data from EN3) in the Arctic region
for 3 different depth ranges (0–50 m, 0–200 m and 0–700 m) and 3 different periods (1960–1969, 1980–
1989 and 2000–2009).
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earlier is far too sparse and limited to the near surface layers,
preventing us to quantify the steric contribution in the whole
Arctic and even along the Russian coasts. Before the 1990s,
we also note that the data coverage is poor. This leads us to
not consider data prior to 1970 and only consider a limited
geographical sector bounded by the 75W–45E longitudes
and the 50N–80N parallels.
4.2. Steric Spatial Trend Patterns
[26] For each database, we computed the thermosteric sea
level on a 1  1 grid at monthly interval since 1970
(at 3-month intervals for WOD09), integrating T anomalies
from the surface down to 700 m. For that purpose, we first
computed density anomalies at each standard level down to
700 m by considering temperature anomalies and using the
classical equation of state of the ocean. Then, we integrated
density anomalies at each grid point (using a climatology for
the salinity) and each time step to obtain the thermosteric sea
level [Gill, 1982; Levitus et al., 2005; Lombard et al., 2005].
[27] We also computed the halosteric sea level using
salinity anomalies available for the IK09 and EN3 databases
(no gridded salinity data are available for WOD09). We
followed the same methodology as for the thermosteric sea
level but now considering salinity anomalies from the sur-
face down to 700 m and a climatology for the temperature.
[28] Figures 8a and 8c show thermosteric trend patterns
computed over 1970–2009 for the IK09 and WOD09 data
over the limited region described above. We note that ther-
mosteric spatial trends are positive almost everywhere and
very similar in both cases, with higher rates than average
south of Iceland, in the Baffin Bay, Greenland and Norwe-
gian seas. Figure 8b shows halosteric spatial trend patterns
for IK09. Halosteric trends are moderately negative over the
studied area, indicating a slight increase in salinity since
1970. Comparing thermosteric and halosteric trend maps for
IK09 shows that the patterns are anticorrelated (with higher
magnitude for the thermosteric trends). This anticorrelation
between thermosteric and halosteric trend patterns suggests
simultaneous increase of both temperature and salinity since
1970 in the North Atlantic and Nordic Seas sector (the two
factors having opposite effects on sea level). A similar
behavior has been reported in several other regions from
in situ hydrographic data and/or ocean circulation modeling
[e.g., Wunsch et al., 2007; Köhl and Stammer, 2008].
[29] Figure 9 shows the steric (sum of thermosteric and
halosteric) trend patterns over 1970–2009 for the IK09 and
EN3 data (note that computing the steric sea level by sum-
ming the thermosteric and halosteric components or by direct
integration of T- and S-related density anomalies gives
essentially the same result). The two maps show more or less
similar patterns in the North Atlantic and Nordic Seas, in
particular along the Norwegian coast. Some difference is
noticed however in the Baffin Bay and southwest of
Greenland.
4.3. Interannual Variability of the Gridded Steric Data
[30] To investigate the dominant modes of variability of the
steric data in the limited region considered above, we per-
formed an EOF (empirical orthogonal function) decomposi-
tion [Preisendorfer, 1988] of the WOD09 and IK09 gridded
thermosteric data over the 1970–2009 time span. Figure 10
(top) shows corresponding first spatial and temporal mode
(noted EOF1) for the two thermosteric data. We note that
EOF1s (42.9 and 46.1% of the total variance, respectively)
are highly correlated both spatially and temporally, and
closely resemble the thermosteric trend patterns shown in
Figure 8. The temporal curves are also highly correlated.
They are flat until 1995 but since then show an upward trend.
Figure 10 (bottom) shows EOF1 of IK09 halosteric data
decomposition. The anticorrelation noted above for the spa-
tial trend patterns between thermosteric and halosteric com-
ponents is even more evident in EOF1s. Like EOF1
thermosteric temporal curve, the EOF1 halosteric temporal
curve also displays an upward trend as of 1995 (associated
with negative spatial trend values), suggesting simultaneous
increase of temperature and salinity in the region. To see
more clearly the latter behavior, we have averaged the grid-
ded thermosteric (IK09 and WOD09) and halosteric (IK09)
data at each time step over the region, and computed the
mean thermosteric and halosteric curves. These are shown
in Figure 11. We first note that the two thermosteric curves
agree well. We also note the strong change and opposite
behavior affecting the thermosteric and halosteric curves
as of 1995.
4.4. Steric Sea Level at the Norwegian Tide Gauges
[31] We computed the steric sea level (thermosteric plus
halosteric components) using the IK09 and EN3 data since
1970 at the 11 Norwegian tide gauge sites by interpolating
the steric grids at the tide gauge locations (averaging the
gridded data within a 1 radius around the tide gauge).
Corresponding curves are shown in Figure 12 (top) super-
imposed to the Norwegian CMSL curve. We first note that
both IK09 and EN3 curves are in general good agreement (as
previously noticed between IK09 and WOD09 thermosteric
components). Although smoother, they correlate also well
between 1970 and 2006 with the CMSL curve (correlation of
0.65). However, as of 2006, the steric sea level curves show a
downward trend not seen in the CMSL curve. The steric sea
level trends over 1970–2006 amounts to 1.63 +/ 0.14 mm/yr
and 1.9 +/ 0.17 mm/yr for IK09 and EN3 respectively, a
value quite comparable to the CMSL trend over the same time
span (of 1.73 +/ 0.23mm/yr). This suggests that, at least over
this time span (1970–2006), observed CMSL rise along the
Norwegian coast has a steric origin. However, the interannual
variability in steric sea level and Norwegian CMSL are not
well correlated, suggesting that the latter is influenced by other
factors on such time scales, e.g., wind stress-driven ocean
circulation and ocean mass changes.
[32] We computed the residual (observed CMSL minus
steric sea level) curve at the Norwegian tide gauges with
the IK09 and EN3 data. The corresponding time series over
1970–2006 are shown in Figure 12 (bottom). The AO
index is superimposed. The trend of the residual curves
over 1970–2006 amount to 0.11 +/ 0.23 mm/yr and
0.17 +/ 0.22 mm/yr for the IK09 and EN3 data,
respectively, thus are not significant. On the other hand, the
residual curves show important interannual variability mod-
erately correlated with the AO index. Over 1970–2006, this
correlation is equal to 0.54 only but at some periods (e.g.,
around 1990), the sea level residuals and the AO co-vary
similarly, possibly reflecting the dynamical response of the
sea to wind-forcing. At the end of the studied period (around
2006), the residual curves show an upward trend not seen on
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Figure 11. Top curves are regionally averaged thermosteric sea level over 1970–2009 (region as shown
in Figures 8 and 9) for IK09 (red curve) and WOD09 (blue curve) data. Bottom curve is regionally aver-
aged halosteric sea level (IK09 data, red curve).
Figure 12. (top) CMSL at the Norwegian tide gauges (black curve) over 1970–2009 on which is super-
imposed the steric sea level (IK09: red curve and EN3: blue curve) interpolated at the tide gauge sites.
(bottom) Residual (observed minus steric) sea level (red and blue curves for IK09 and EN3 respectively).
The AO index is superimposed (black-dashed curve).
HENRY ET AL.: ARCTIC SEA LEVEL VARIATIONS SINCE 1950 C06023C06023
15 of 23
the AO. This may reveal an increased contribution of the
ocean mass component linked to the recently reported
acceleration in land ice melt [i.e., Holland et al., 2008;
Steffen et al., 2010; Rignot et al., 2011] plus regional water
mass redistribution. We will come back to this issue in
section 5.
5. Comparison Between Tide Gauge-Based,
Altimetry-Based and Steric Sea Level in the North
Atlantic and Nordic Seas Over 1993–2009 and
Estimate of GRACE-Based Ocean Mass
Over 2003–2009
[33] In this section, we take advantage of the availability
of gridded altimetry sea level data up to 82N since 1993 to
investigate in more detail the mean and regional sea level in
the North Atlantic and Nordic Seas sector and its relation-
ship with the steric sea level. Satellite altimetry measures
absolute sea level (i.e., relative to the Earth’s center of mass
[Fu and Cazenave, 2001; Cazenave and Nerem, 2004]), thus
reflects global/regional changes in ocean water volume (due
to density changes and water mass variations) as well as
additional factors causing regional variability in sea level
such as the deformations of ocean basins in response to land
ice melt-induced mass redistribution [Milne et al., 2009;
Tamisiea and Mitrovica, 2011]. As altimetry-based sea level
does not sense vertical crustal motions, it can be compared to
tide gauge-based sea level, once the latter is corrected for
vertical crustal motions. Here we use the multi mission
altimetry data reprocessed by Prandi et al. [2012]. This
reprocessing improves the data coverage and the quality of
the geophysical corrections to apply to the altimetry data in
the Arctic region. The details of the data reprocessing is
described in Prandi et al. [2012]. The inverted barometer
correction is applied to altimetry data as for the tide gauge
data using the Carrère and Lyard [2003] model.
5.1. Spatial Trend Patterns in Altimetry-Based
and Steric Sea Level (1993–2009)
[34] We compared the altimetry-based sea level trend pat-
terns with the thermosteric and halosteric spatial patterns
(IK09 data) for the 1993–2009 time span over the North
Atlantic and Nordic Seas sector. These are shown in
Figures 13a–13c. In several areas, e.g., south of Iceland and
Greenland and in the Norwegian Sea, the spatial trend patterns
of altimetry-based and thermosteric sea level show positive
trends. Thermosteric trends have larger amplitude than
observed (i.e., altimetry-based) ones, but because of opposite
trends in the halosteric component (see Figures 13a–13c),
their sum (i.e., the steric component) will better agree with
altimetry-based trends. This is indeed the case (although not
everywhere), as illustrated in Figures 13d and 13e showing
steric trend patterns over 1993–2009 for the IK09 and EN3
data.
[35] We computed residual trend maps (i.e., altimetry-based
minus steric trends) with the IK09 and EN3 data over 1993–
2009. These are shown in Figure 14. In most areas (northwest
and southeast of Greenland, Greenland and Norwegian seas,
and along the coasts of Norway), the residual trend patterns
roughly agree. Although part of the residual trends may result
from uncertainty and imperfect data coverage of T/S data in
the region, we cannot exclude that they reflect real non-steric
signals, for example ocean mass changes. Since 2003, the
latter are measurable by GRACE space gravimetry data. This
is discussed in the next section.
5.2. Tide Gauge-Based, Altimetry-Based, GRACE-
Ocean Mass and Steric Sea Level Along
the Norwegian Coasts
[36] We interpolated the altimetric grids at the tide gauge
locations (as done for the steric sea level in section 4). At the
Norwegian tide gauges, the altimetry-based and tide gauge-
based sea level time series are highly correlated both in
terms of trend and interannual variability, with all correla-
tions >0.9 (not shown). The highest correlation was obtained
when the ICE-5G/VM2 GIA correction was used for the tide
gauge data. This was the basis for preferring this particular
GIA correction (see section 3). We constructed an altimetry-
based CMSL along the Norwegian coast averaging individ-
ual time series at the 11 tide gauge sites of data set1. The tide
gauge and altimetry-based CMSL curves in the Norwegian
sector for 1993–2009 are shown in Figure 15 (top). Both
curves are highly correlated and show an increasing sea level
trend of 3.32 +/ 0.65 mm/yr (from tide gauges) and 4.23
+/ 0.23 mm/yr (from satellite altimetry) over the altimetry
period (1993–2009). The trend difference (0.9 mm/yr) is only
slightly larger than the tide gauge trend uncertainty. Thus the
altimetry data clearly confirm the recent sea level increase in
that particular region. We note in passing that the rate of sea
level rise in this region is very similar to the global mean rate
(of 3.3 mm/yr over 1993–2009 [e.g., Cazenave and Llovel,
2010]), a result confirmed by Prandi et al. [2012] for the
whole Arctic region.
[37] We estimated the ocean mass change along the
Norwegian coast as of 2003 using GRACE space gravimetry
data [Wahr et al., 2004]. GRACE measures temporal varia-
tions of the Earth’s gravity field and, over the oceanic
domain, provides an estimate of ocean mass changes. Several
GRACE products have been released from teams involved in
the GRACE project (CSR, JPL and GFZ), each time with
substantial improvement [Chambers, 2006]. Here we use the
CSR 1  1 gridded data over the ocean (RL04 release) at
monthly interval (available at http://grace.jpl.nasa.gov/data/
GRACEMONTHLYMASSGRIDSOCEAN/). These data
include an implementation of the carefully calibrated com-
bination of de-stripping and smoothing, with different half-
width Gaussian filters (the solutions need to be smoothed
because errors increase with wavelength). These gridded
ocean GRACE products are corrected for Glacial Isostatic
Adjustment using the Paulson et al.’s [2007] model. The data
used in this study cover the time span from January 2003 to
December 2009 and are expressed in sea level equivalent.
[38] We interpolated monthly GRACE-ocean mass grids
at the 11 Norwegian tide gauge sites, removed the seasonal
signal as for the other data sets and then averaged the 11
individual ocean mass time series. Corresponding GRACE-
based averaged ocean mass curve is superimposed to the
CMSL curve in Figure 15 (top). Over 2003–2009, the
GRACE ocean mass trend is positive and equal to 2.9 +/
0.66 mm/yr. This is significantly different from the CMSL
trend over the same time span (equal to1.14 +/ 0.21mm/yr).
As the CMSL trend reflects primarily the sum of the steric
plus ocean mass trends, this trend difference is not really
surprising considering the downward trend seen in the mean
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steric sea level averaged at the Norwegian tide gauges
(Figure 12, top). On the other hand, reasonable agreement is
observed between CMSL sea level and GRACE-based ocean
mass in terms of year-to-year variability.
[39] In Figure 15 (bottom) is shown the difference over
2003–2009 between CMSL and GRACE-based ocean mass
averaged at the Norwegian tide gauges. This difference should
primarily reflect the steric component. The coastal steric sea
level from the IK09 data is also shown over 1993–2009.While
both curves show a downward trend over their overlapping
time span (2003–2009), the highly negative observed steric
trend seems somewhat suspect. This highly negative steric
trend may not be real and may simply reflect lack of data in the
very recent years. To check this, we looked at the T/S data
coverage between 2005 and 2009. This is illustrated in
Figure 16 showing yearly coverage in T data for years 2005 to
2009. Figure 16 clearly reveals very poor data coverage along
the Norwegian coast over this time span.We note data down to
200 m only in 2005 and 2006. But in 2007, 2008 and 2009,
there is no data at all along the Norwegian coast. Thus the
interpolated steric curve (Figure 15, bottom) is likely biased
low for these years. Besides considering the 2003–2006 time
span during which there are some T data, we note that the
“CMSLminus GRACE ocean mass” curve closely follows the
steric curve, and both trends (equal to 1.41 +/ 0.7 mm/yr and
1.36 +/ 0.4 mm/yr for “CMSL-GRACE ocean mass” and
steric sea level respectively over 2003–2006) agree quite well.
6. Discussion
[40] In this study, we estimated the mean sea level over the
past 60 years along the Norwegian and Russian coasts
using good quality tide gauge data. Between 1950 and 1980,
coastal sea level did not rise significantly but beyond 1980, it
shows a significant upward trend. Estimate of the thermos-
teric and halosteric sea level since 1970 in a limited sector
including the North Atlantic subpolar gyre and the Nordic
Seas indicates a strong change around 1995, with simulta-
neous increase in temperature and salinity. Along the Nor-
wegian coast, a similar behavior is noticed with an increasing
trend of observed sea level (from tide gauges and satellite
altimetry) since the mid-1995s (note that the downward trend
observed in the mean coastal steric sea level as of 2007 is
likely an artifact due to a lack of data in this region over the
very recent years). We also observe an increase in the
GRACE-based averaged ocean mass at the Norwegian coast
since 2003. Its positive trend (of 2.9 +/ 0.66 mm/yr over
2003–2009) is somewhat larger than the global mean ocean
mass increase due to total land ice melt over about the same
time span (of 1.5–2 mm/yr) [e.g., Church and White, 2011].
Figure 15. (top) Tide gauge-based (blue curve) and altimetry-based CMSL (black curve) at the Norwegian
tide gauge sites over 1993–2009. The green curve represents the GRACE-based ocean mass component
averaged at the Norwegian tide gauge sites. (bottom) Mean steric sea level (IK09 data, red curve); the green
curve represents the steric component estimated from the difference between tide gauge-based CMSL and
GRACE ocean mass. The dashed vertical line corresponds to the date (early 2007) beyond which no ocean
temperature data are available along the Norwegian coast.
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It thus includes a regional ocean mass trend component (due
to ocean circulation-driven mass redistribution), in addition
to the global mean mass trend. Anyway, this ocean mass
increase at least partly reflects the recent acceleration repor-
ted in ice mass loss from glaciers and ice sheets [e.g., Steffen
et al., 2010; Rignot et al., 2011].
[41] The results of the present study show that between
1950 and 1995, sea level along Norwegian and Russian
coasts does not display any significant upward trend, while
being highly correlated to the AO. On the other hand, since
the mid-to-late 1990s, coastal sea level in the Norwegian and
Russian sectors has been rising faster during the previous
decades. This coincides with strong changes affecting ther-
mosteric and halosteric sea level in the North Atlantic and
Nordic Seas, with simultaneous increase in temperature and
salinity over the past 15 years.
[42] Recent warming of the Arctic region has been repor-
ted by Karcher et al. [2003] and Polyakov et al. [2005].
These studies observed significant changes in temperature of
the Arctic and Nordic Seas during the 1990s. Rigor and
Wallace [2004] showed that areal coverage of multiyear
sea ice decreased even during 1989–1990 when the AO was
in extremely high index state. This could be explained by
longer ice free periods during summer, the open ocean
absorbing more heat, preventing formation of sea ice (posi-
tive feedback mechanism). Warming in the Nordic Seas
reduces heat loss from the Atlantic water before it enters the
Arctic Ocean, with warmer Atlantic water propagating into
the Arctic region. Carton et al. [2011] investigated the
interannual/decadal variability of Atlantic water in the Nor-
dic and adjacent seas. Their analysis shows a succession of
four multiyear warm events occurring in the region between
1950 and 2009 (i.e., the same time span as in the present
study), the last reported warm event began in the late 1990s
and persisted for nearly a decade. Our results clearly show
that in the North Atlantic, Nordic Seas and coastal zones of
Norway and even Russia, significant changes also affected
sea level as of mid-to-late 1990s, in agreement with other
recently reported changes in Arctic climate since 1–2 dec-
ades [i.e., Serreze and Barry, 2011]. This period (last 15 years)
may represent a transition in the Earth system evolution as
recently suggested by Peltier and Luthcke [2009] and Roy and
Peltier [2011]. Finally our results also show an increase of the
ocean mass component along the Norwegian coast, at least
partly explained by the recent acceleration in land ice loss as
reported by numerous recent studies.
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Chapitre 4
De´tection et attribution des
variations actuelles du niveau de la
mer
Dans la troisie`me partie de cette the`se, nous nous sommes inte´resse´s a` la question scien-
tifique n˚ 10 (voir section 1.5) qui porte sur les causes premie`res de la variabilite´ re´gionale du
niveau de la mer. L’enjeu majeur lie´ a` cette question est de savoir si la variabilite´ re´gionale
du niveau de la mer telle que nous l’observons aujourd’hui (par altime´trie depuis 1993 et
par reconstruction 2D depuis 1950) est le re´sultat de la variabilite´ naturelle du syste`me
climatique ou si l’on peut y de´tecter l’empreinte des activite´s anthropiques (e´missions de
gaz a` effet de serre et d’ae´rosols, occupation des sols).
Les preuves de l’impact des activite´s anthropiques sur le climat se sont accumule´es
depuis 1990 et le premier rapport du GIEC (Houghton et al. [1990]). A cette e´poque
il y avait encore peu d’observations qui re´ve´laient l’influence de l’homme sur le climat
(Houghton et al. [1990]). Par la suite, les observations se sont multiplie´es et les premie`res
e´tudes de de´tection/attribution (D&A) ont vu le jour. Ces e´tudes couvrent un champ
de recherche re´cent dont le but est de de´tecter et d’attribuer dans les observations et
les mode`les, la re´ponse du syste`me climatique aux diffe´rents forc¸ages exte´rieurs que sont
la variabilite´ solaire, les e´ruptions volcaniques, les e´missions de gaz a` effet de serre dues
aux activite´s humaines et aux changements d’occupation des sols, ainsi que les e´missions
d’ae´rosols anthropiques et naturels (par les volcans par exemple). Ces e´tudes permettent en
particulier d’e´valuer l’impact de l’activite´ anthropique sur le climat. Les premie`res e´tudes
D&A furent mene´es sur les observations de tempe´rature dans la basse atmosphe`re, dans
les anne´es 1990. Sur la base de leurs re´sultats, le 3e`me rapport du GIEC (Houghton et al.
[2001]) concluait en 2001 que le signal des gaz a` effet de serre e´tait de´tecte´ de manie`re fiable
dans la courbe de tempe´rature atmosphe´rique globale de la Terre et que la majorite´ du
re´chauffement global observe´ depuis les 50 dernie`res anne´es e´tait ”probablement” lie´ a` l’ac-
tivite´ anthropique. Par la suite les e´tudes D&A se sont ge´ne´ralise´es a` d’autres observations
(tempe´ratures de l’oce´an, vent de surface, etc) et d’autres e´chelles spatiales (continents,
oce´ans) en s’appuyant sur une plus grande varie´te´ de mode`les de climat et de simulations
disponibles (exercice CMIP3). Leurs re´sultats ont confirme´ et renforce´ la conclusion du 3e`me
rapport si bien que le GIEC affirmait en 2007 dans la conclusion du 4e`me rapport (Solomon
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et al. [2007]) que la majorite´ du re´chauffement global (oce´ans et continents inclus) observe´
depuis les 50 dernie`res anne´es e´tait ”tre`s probablement” duˆe a` l’augmentation des gaz a`
effet de serre d’origine anthropique dans l’atmosphe`re. Depuis 2007, l’impact anthropique
sur le climat a commence´ a` eˆtre de´tecte´ dans des mesures autres que la tempe´rature :
par exemple dans les mesures de la salinite´ des oce´ans (Terray et al. [2012]; Durack et al.
[2012]), de la fonte des glaciers de montagne (Huss and Bauder [2009]), de la re´duction de
la surface de la banquise (Kay et al. [2011]; Overland et al. [2011]) etc. Cependant, jusqu’a`
aujourd’hui, aucune e´tude de D&A ne s’est inte´resse´e aux mesures des variations du niveau
de la mer si bien qu’il n’y a pas dans la litte´rature de publications qui e´tablissent un lien
direct entre l’activite´ anthropique et l’augmentation du niveau de la mer.
On trouve ne´anmoins un certain nombre d’e´tudes de D&A qui traitent de chacune des
3 contributions majeures au niveau de la mer : le re´chauffement de l’oce´an (e.g. Gleckler
et al. [2012]), la fonte des glaciers de montagne (e.g.Huss et al. [2010]) et la perte de masse
des calottes polaires (Hanna et al. [2008]). A travers ces e´tudes il est possible de faire un
lien indirect entre le re´chauffement climatique d’origine anthropique et l’augmentation du
niveau de la mer au cours des 50 dernie`res anne´es. Dans la section 4.1 nous re´sumons ces
e´tudes et e´valuons les conclusions que l’on peut en tirer en ce qui concerne le niveau de la
mer.
On trouve aussi dans la litte´rature un certain nombre d’e´tudes qui reproduisent la
hausse du niveau de la mer au cours des dernie`res de´cennies, a` l’e´chelle globale ou re´gionale,
avec des mode`les et qui montrent que l’on ne peut en reproduire les variations si l’on ne
prend pas en compte les e´missions de gaz a` effet de serre (Gregory et al. [2006]; Jevrejeva
et al. [2009]). Ces e´tudes montrent que les variations du niveau de la mer sont compati-
bles avec les observations actuelles d’augmentation des gaz a` effet de serre anthropiques.
Cependant elles ne de´tectent pas et n’attribuent pas ces variations aux gaz a` effet de serre
anthropiques car elles ne montrent pas que ces variations sont incompatibles avec les autres
composantes du syste`me climatique. Le syste`me climatique est un syste`me chaotique qui
ge´ne`re de la variabilite´ ale´atoire a` toutes les e´chelles de temps a` travers les re´actions du
syste`me aux forc¸ages exte´rieurs (e.g. variabilite´ solaire, les e´missions de gaz a` effet de serre,
etc) et a` travers les interactions a` l’inte´rieur et entre les diffe´rentes composantes du syste`me
( atmosphe`re, oce´an, terres emerge´es, cryosphe`re et biosphe`re) (voir Hasselmann [2010]).
Les variations du niveau de la mer, meˆme si elles pre´sentent une tendance long terme forte,
pourraient eˆtre le fruit de la variabilite´ ale´atoire (et chaotique) d’une de ces composantes et
donc avoir une autre origine que le re´chauffement climatique d’origine anthropique. Dans
la section 4.2 nous re´sumons d’abord les informations apporte´es par ces e´tudes du niveau
de la mer avec des mode`les qui prennent en compte les gaz a` effet de serre. Nous e´valuons
les conclusions que l’on peut en tirer sur les origines des variations du niveau de la mer
en particulier a` l’e´chelle globale. Ensuite nous pre´sentons la premie`re e´tude de D&A sur le
niveau de la mer que nous avons de´veloppe´ et publie´ en 2012. Elle s’inte´resse a` la variabilite´
re´gionale du niveau de la mer et se focalise sur l’oce´an Pacifique tropical.
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4.1 De´tection et attribution des contributions au
niveau de la mer
Dans cette section nous re´sumons les e´tudes D&A qui ont traite´ diffe´rentes contributions
au niveau de la mer (le re´chauffement de l’oce´an, la fonte des glaciers de montagne et la
perte de masse des calottes polaires) et nous e´valuons les conclusions que l’on peut en tirer
sur l’impact e´ventuel des activite´s anthropiques sur le niveau de la mer.
4.1.1 Le re´chauffement de l’oce´an
Les observations montrent que les couches supe´rieures de l’oce´an (0-700m) se re´chauffent
depuis les anne´es 1950 (Bindoff et al. [2007]; Domingues et al. [2008]; Levitus et al. [2009];
Ishii and Kimoto [2009]). De plus, ce re´chauffement qui repre´sente plus de 90% de l’aug-
mentation de chaleur totale de la Terre depuis les annee´s 1950 (voir section 1.3.1 et Levitus
et al. [2005]; Church et al. [2011]) est en accord avec le de´se´quilibre radiatif de la Terre qui
montre que sur la meˆme pe´riode, la terre rec¸oit plus d’e´nergie du soleil qu’elle n’en emet
vers l’espace (Church et al. [2011]; Hansen et al. [2011]).
Plusieurs e´tudes ont de´montre´ statistiquement que la majorite´ de ce re´chauffement
e´tait duˆe aux activite´s anthropiques et a` leur impact sur le bilan radiatif net de la plane`te
(Solomon et al. [2007]). Cependant, a` l’e´poque de ces e´tudes, des incertitudes subsistaient
car les mode`les de climats ne semblaient pas capables de reproduire pre´cisement la forte
variabilite´ inter-de´cennale pre´sente dans les observations de tempe´rature des 700 premiers
me`tres de l’oce´an (Hegerl et al. [2007]; Solomon et al. [2007]). Ceci jetait le doute a` la fois
sur les mode`les de climat et sur les mesures du re´chauffement de l’oce´an. En effet, pour
expliquer cette incohe´rence, la capacite´ des mode`les de climat a` reproduire le re´chauffement
global de l’oce´an e´tait remise en cause ainsi que la fiabilite´ des mesures de tempe´rature de
l’oce´an (Gregory et al. [2004]; AchutaRao et al. [2006]). Apre`s le 4e`me rapport du GIEC,
plusieurs auteurs ont e´tudie´ les mesures historiques de tempe´rature de l’oce´an a` la recherche
d’e´ventuels artefacts de mesures. Gouretski and Koltermann [2007] ont de´couvert un biais
syste´matique (de´pendant du temps) dans les mesures de tempe´rature faites par les sondes
XBT (voir section 1.3.1). Etant donne´ le grand nombre de mesures historiques re´alise´es
avec les sondes XBT, ce biais avait un impact significatif sur les courbes de re´chauffement
global de l’oce´an. La correction des bases de donne´es globale de tempe´rature a re´ve´le´ que
ce biais avait pour conse´quence un surestimation de la variabilite´ inter-de´cennale dans le
re´chauffement des couches supe´rieures de l’oce´an (Wijffels et al. [2008]; Domingues et al.
[2008]; Ishii and Kimoto [2009]; Levitus et al. [2009]). La comparaison des bases de donne´es
corrige´es avec un jeu de mode`les de climat (de l’exercice CMIP3) soumis a` l’ensemble des
forc¸ages exte´rieurs d’origine naturelle et anthropique a montre´ que de´sormais, les mode`les
de climat reproduisaient bien la variabilite´ inter-de´cennale et les tendances a` long terme
des observations du re´chauffement oce´anique (Domingues et al. [2008]).
Quand on conside`re l’ensemble des mode`les de climat utilise´s pour le 4e`me rapport
du GIEC (exercice CMIP3), on observe ne´anmoins que la tendance du re´chauffement
oce´anique mode´lise´e (700 premiers me`tres) est le´ge`rement plus faible que celle qui est
observe´e. De plus, il est inte´ressant de noter que les mode`les qui ne prennent en compte
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que les e´missions anthropiques de gaz a` effet de serre (i.e sans prendre en compte les
e´ruptions volcaniques et la variabilite´ solaire) sous estiment la variabilite´ inter-de´cennale
du re´chauffement oce´anique et surestime sa tendance sur les 50 dernie`res anne´es. Ceci s’ex-
plique par la non-prise en compte des e´ruptions volcaniques. En effet, l’oce´an re´pond a` une
e´ruption volcanique par un soudain refroidissement de ses couches supe´rieures suivi d’une
phase de retour a` la normale qui peut durer une dizaine a` plusieurs dizaines d’anne´es
(Church et al. [2005]; Delworth et al. [2005]; Domingues et al. [2008]). Ainsi la se´rie
d’e´ruptions volcaniques qui a eu lieu au cours de la seconde moitie´ du XXe`me sie`cle, cu-
mule´e sur les 50 ans, a eu pour effet de diminuer la tendance long terme du re´chauffement
global et d’augmenter la variabilite´ multi-de´cennale (Gregory et al. [2006]; Gleckler et al.
[2006]; AchutaRao et al. [2007]; Palmer et al. [2009]; Stenchikov et al. [2009]). Gleckler et al.
[2012] ont confirme´ ces re´sultats en montrant que parmi toutes les simulations CMIP3 du
XXe`me, ce sont les simulations qui prennent en compte a` la fois les e´missions anthropiques
de gaz a` effet de serre et d’ae´rosols ainsi que les e´ruptions volcaniques qui repre´sentaient le
mieux le re´chauffement global des 700 premiers me`tres de l’oce´an. De plus ces auteurs ont
de´tecte´ l’impact du forc¸age anthropique a` la fois dans la courbe de re´chauffement global
des 700 premiers me`tres de l’oce´an mais aussi dans la variabilite´ du re´chauffement en-
tre les diffe´rents bassins oce´aniques. En particulier ils montrent que le re´chauffement de
l’oce´an d’origine anthropique devient significatif (a` 99% de niveau de confiance) a` partir
des anne´es 1980 et devient ensuite de plus en plus fort. Ces re´sultats apparaissent robustes
aux incertitudes des observations, des mode`les et de la me´thode.
Ces diffe´rents re´sultats montrent qu’aujourd’hui il y a un bon accord entre les mode`les
de climat et les observations en ce qui concerne le re´chauffement global des 50 dernie`res
anne´es. Ceci a permis d’e´tablir pre´cise´ment l’impact des e´missions anthropiques ainsi que
des e´ruptions volcaniques sur la variabilite´ multi-de´cennale et la tendance du re´chauffement
oce´anique. En particulier, l’origine anthropique de l’augmentation du contenu thermique
moyen de l’oce´an, depuis les anne´es 1960, est ave´re´ (Levitus et al. [2005, 2009, 2012]; Hansen
et al. [2011]).
En revanche en ce qui concerne la variabilite´ re´gionale du contenu thermique de l’oce´an,
l’origine et les causes sont bien moins claires. Ceci est duˆ en particulier au tre`s petit
nombre d’e´tudes qui traitent explicitement ce point dans la litte´rature. Gleckler et al. [2012]
pre´cisent a` la fin de leur analyse que si l’on ne prend pas en compte le signal global, et que
l’on analyse la variabilite´ re´gionale du contenu thermique de l’oce´an a` l’echelle des bassins
oce´aniques, seul la moitie´ des tests de D&A qu’ils ont de´veloppe´s sont positifs laissant la
conclusion incertaine. Ceci montre qu’a` l’e´chelle des bassins oce´aniques la signature du
forc¸age anthropique reste encore difficile a` de´tecter.
4.1.2 La salinite´ de l’oce´an
Les variations de salinite´ de l’oce´an n’affectent pas les variations du niveau global de
la mer, en revanche elles ge´ne`rent de la variabilite´ re´gionale dans le niveau de la mer (voir
section 1.3.1). Dans le 4e`me rapport du GIEC, les observations de la salinite´ oce´anique indi-
quaient une augmentation de la salinite´ dans les couches supe´rieures des re´gions subtropi-
cales et une diminution de la salinite´ a` hautes latitudes au voisinage des re´gions polaires.
La structure spatiale de ces variations de salinite´ correspond a` ce qu’on peut attendre d’une
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acce´le´ration du cycle hydrologique global. Depuis 2007, ces re´sultats ont e´te´ confirme´s avec
les donne´es Argo. En effet de nombreuses e´tudes re´ve`lent que depuis 2007, les structures
spatiales de la salinite´ rapporte´e dans le rapport du GIEC se sont intensifie´es (Hosoda et al.
[2009]; von Schuckmann and Le Traon [2011]; Roemmich and Gilson [2009]; Durack and
Wijffels [2010]). De plus la diffe´rence de salinite´ entre l’oce´an Pacifique (faible salinite´)
et l’oce´an Atlantique (forte salinite´) s’est accrue. A la surface, les structures spatiales se
sont intensifie´es sugge´rant aussi l’acce´le´ration du cycle hydrologique global (Hosoda et al.
[2009]; Roemmich and Gilson [2009]; Durack and Wijffels [2010]; Durack et al. [2012]). Les
re´gions de l’oce´an recevant peu de pre´cipitations ont rec¸u moins de pre´cipitations depuis
2007. De meˆme, les re´gions marque´es par une forte e´vaporation ont connu une e´vaporation
accrue depuis 2007. En conse´quence, les re´gions fortement sale´es de l’oce´an sont devenues
encore plus sale´es. Le processus inverse s’est passe´ pour les re´gions peu sale´es.
Ces observations globales sont confirme´es a` l’e´chelle re´gionale par plusieurs e´tudes avec
des mesures plus longues (e.g. Cravatte et al. [2009]; Curry et al. [2003]). En structure
spatio-temporelle, elles correspondent aux variations de salinite´ simule´es par les mode`les
CMIP3 pour le XXe`me et le XXIe`me sie`cle (SRES scenarii) (Durack et al. [2012]). Cependant,
en amplitude, sur la pe´riode 1950-2000, les observations montrent une amplification double
de celle qui est simule´e par les mode`les CMIP3 (Durack et al. [2012]).
En re´sume´, de nombreuses e´tudes confirment l’observation de changements significatifs
dans la salinite´ oce´anique (a` la surface et dans les couches plus profondes) au cours des
dernie`res de´cennies a` l’e´chelle globale et re´gionale. Pourtant on trouve tre`s peu d’e´tudes
D&A dans la litte´rature qui ont analyse´ le lien e´ventuel entre ces changements de salinite´
et l’activite´ anthropique. Concernant la salinite´ oce´anique sur les 500 premiers me`tres de
l’oce´an, Stott et al. [2008] ont montre´ que dans l’oce´an Atlantique, l’augmentation de la
salinite´ au Nord (20˚ N a` 50˚ N) re´ve`le un signal qui pourrait eˆtre d’origine anthropique
(i.e. correspond a` ce que simulent les mode`les avec forc¸age anthropique) cependant ce
signal n’est pas significatif compare´ a` la variabilite´ interne locale. Concernant la salinite´
de surface, Terray et al. [2012] confirment les re´sultats de Stott et al. [2008] dans le Nord
de l’oce´an Atlantique. En revanche, a` plus grande e´chelle, dans la bande e´quatoriale (30˚ S
a` 50˚ N) des oce´ans Atlantique et Pacifique, Terray et al. [2012] de´tectent des changements
significatifs dans la salinite´ de surface qui diffe´rent de la variabilite´ interne locale (avec un
niveau de confiance de 95%). De plus, ils montrent que ces changements sont duˆs au forc¸age
anthropique. Les changements de salinite´ les plus forts qu’ils ont mis en e´vidence sont entre
les tropiques (entre 30˚ S et 30˚ N ) et dans l’ouest du Pacifique. Leur e´tude montre aussi
que la diffe´rence de salinite´ de surface entre l’oce´an Pacifique et l’oce´an Atlantique s’est
accrue entre 1970 et 2002 en partie a` cause de l’activite´ anthropique.
4.1.3 La fonte des glaciers de montagne
Dans le passe´, les variations inter-de´cennales a` multi-se´culaires de la masse des glaciers
de montagne (e.g. Reichert et al. [2002]; Vuille et al. [2008]; Roe and O’Neal [2009]; Huss
et al. [2010]) et de leur extension (Chinn et al. [2005]) ont e´te´ domine´es par la variabilite´
interne du syste`me climatique. Aujourd’hui, c’est l’augmentation re´cente de la tempe´rature
globale qui explique la perte actuelle de masse des glaciers de montagne (Reichert et al.
[2002]; Huss and Bauder [2009]; Huss et al. [2010]).
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Cependant, il existe tre`s peu d’e´tudes D&A qui estiment directement le roˆle du forc¸age
anthropique dans la perte de masse actuelle des glaciers. Ceci est duˆ en particulier aux
difficulte´s engendre´es par la diffe´rence d’e´chelle tre`s grande entre d’une part l’aspect global
du forc¸age anthropique et d’autre part la dynamique tre`s locale des glaciers de montagne
(Molg and Kaser [2011]).
En analysant un site a` basse latitude et un site a` haute latitude, Reichert et al. [2002]
ont montre´ que la variabilite´ interne du syste`me climatique telle qu’elle est mode´lise´e par le
mode`le couple´ ECHAM4, sur plusieurs mille´naires, ne pouvait expliquer le re´tre´cissement
(en longueur) des glaciers observe´ au cours du XXe`me sie`cle. A l’e´chelle du sie`cle, plusieurs
e´tudes ont estime´ les changements locaux de pre´cipitation et de tempe´rature de l’air,
ne´cessaires pour expliquer les variations de la longueur ou du bilan de masse des glaciers de
montagne (Oerlemans [2005]; Yamaguchi et al. [2008]; Huss and Bauder [2009]; Huss et al.
[2010]). Ces e´tudes montrent que la perte re´cente (dernie`res de´cennies) de masse des glaciers
ne peut s’expliquer qu’avec des changements dans les pre´cipitations ou les tempe´ratures
qui exce`dent ceux que peut produire la variabilite´ interne du syste`me climatique.
4.1.4 La perte de masse des calottes polaires
La de´tection et l’attribution du signal anthropique dans la perte de masse des calottes
polaires est difficile car la physique a` l’origine de la perte de masse est encore mal com-
prise (voir section 1.3.2). En conse´quence, les me´canismes principalement responsables de
cette perte de masse sont mal repre´sente´s ou meˆme pas du tout imple´mente´s dans les
mode`les de climat ce qui empeˆche toute e´tude D&A. Pourtant, les observations montrent
des changements significatifs dans la perte de masse depuis les anne´es 1990 (voir section
1.3.2).
Pour le Groenland, une part significative (∼50%) de la perte de masse vient d’une
augmentation de la fonte en surface or celle-ci a e´te´ attribue´e par Hanna et al. [2008] au
re´chauffement global. De plus cette augmentation de la fonte de surface est en accord avec
les simulations des mode`les de climat qui incluent les forc¸ages anthropiques (Hegerl et al.
[2007]; Mernild et al. [2009]). En revanche la perte de masse venant de l’acce´le´ration de
l’e´coulement dynamique de la glace vers l’oce´an (∼50%) n’a pas encore fait l’objet d’e´tudes
de D&A ni pour le Groenland, ni pour l’Antarctique ou` elle constitue la majeure source
de perte de glace.
4.2 Cas du niveau de la mer
4.2.1 Le niveau moyen : e´chelle globale
Jusqu’a` aujourd’hui, il n’existe pas, dans la litte´rature, d’e´tude D&A proprement dite
(faisant intervenir un mode`le de climat couple´ du type CMIP3) qui traite explicitement du
niveau de la mer a` l’e´chelle globale ou re´gionale .
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A l’e´chelle du globe, on peut cependant faire un lien indirect entre la hausse du niveau
de la mer global et le forc¸age anthropique graˆce aux re´centes e´tudes D&A sur les diffe´rentes
contributions au niveau de la mer que nous venons de re´sumer. Celles-ci montrent que le
forc¸age anthropique est implique´ dans une large part des variations des contributions au
niveau de la mer sur les dernie`res de´cennies. En effet, ce sont les e´missions de gaz a` effet
de serre et d’ae´rosols d’origine anthropique et volcanique qui expliquent la tendance et
la variabilite´ inter-de´cennale du re´chauffement global des 700 premiers me`tres de l’oce´an
depuis 1960. De meˆme, le forc¸age anthropique explique la fonte anormalement rapide que
l’on observe actuellement a` la surface des glaciers de montagne et du Groenland. Quand on
somme la contribution au niveau de la mer du re´chauffement de l’oce´an (de 0 a` 700 m), de
la fonte des glaciers de montagne et de la fonte de surface du Groenland, on explique 70%
de la hausse du niveau de la mer sur la pe´riode 1993-2010 (voir section 1.3) et 65% sur la
pe´riode 1972-2008 (Church et al. [2011]). Les e´missions de gaz a` effet de serre et d’ae´rosols
d’origine anthropique sont donc implique´s dans 65%, au moins, de l’augmentation du niveau
de la mer global observe´ sur les dernie`res de´cennies.
Ce re´sultat est confirme´ par l’e´tude de Jevrejeva et al. [2009] qui utilise un mode`le
semi-empirique statistique qui lie les diffe´rents forc¸ages du climat (compte´s en terme de
forc¸age radiatif global) aux variations du niveau de la mer pour estimer la contribution
des forc¸ages naturels (variabilite´ solaire et volcanique) et du forc¸age anthropique sur la
variabilite´ du niveau de la mer global. Ces auteurs trouvent qu’avant 1800, la variabilite´
du niveau de la mer global s’explique par les forc¸ages volcanique et solaire. En revanche
depuis 1800, ils estiment que seulement 25% de la tendance long terme du niveau de la
mer global s’expliquent par la variabilite´ naturelle tandis que 75% ont pour origine les
e´missions anthropiques de gaz a` effet de serre et d’ae´rosols.
Ceci re´pond a` la question scientifique n˚ 10 de la section 1.5 en terme de niveau global :
l’une des causes de l’augmentation du niveau global de la mer sur les dernie`res de´cennies
est le re´chauffement climatique d’origine anthropique. Ceci vient d’eˆtre montre´ de manie`re
indirecte a` travers la de´tection et l’attribution du signal anthropique dans les contributions
au niveau de la mer. Cependant il ne peut eˆtre exclu que la variabilite´ naturelle du syste`me
climatique (aux e´chelles multi-de´cennales) joue aussi un roˆle. Il serait inte´ressant dans le
futur de ve´rifier que l’on peut de´tecter et attribuer le signal anthropique directement dans
le signal de monte´e du niveau de la mer global a` l’aide de mode`les de climat couple´s (CMIP5
par exemple) et d’estimer le roˆle joue´ par la variabilite´ naturelle du syste`me climatique.
4.2.2 La variabilite´ re´gionale
A l’e´chelle re´gionale, on dispose de moins d’informations concernant l’impact an-
thropique sur la variabilite´ du niveau de la mer. Non seulement on ne trouve pas dans
la litte´rature, d’e´tudes D&A sur la varibilite´ re´gionale du niveau de la mer, mais en plus,
les e´tudes sur les contributions au niveau de la mer, re´sume´es plus haut, ne traitent en
ge´ne´ral pas ou tre`s peu de la variabilite´ re´gionale. Gleckler et al. [2012] expliquent a` la fin
de leur article que l’attribution de la variabilite´ re´gionale du re´chauffement de l’oce´an (a`
l’e´chelle des bassins oce´aniques) n’est pas significative car seuls la moitie´ des tests D&A
qu’ils ont de´veloppe´s sont positifs. Ils soulignent ne´anmoins que les quelques tests positifs
sugge`rent qu’un signal anthropique pourrait eˆtre de´tecte´ et probablement attribue´ dans
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certaines re´gions. Terray et al. [2012] de´tectent bien un signal anthropique dans la vari-
abilite´ re´gionale de la salinite´ entre 1970 et 2003 mais il s’agit la` de la salinite´ de surface
qui a peu d’impact sur le niveau de la mer. En conse´quence, nous ne pouvons pas conclure
quant a` l’impact anthropique sur la variabilite´ re´gionale du niveau de la mer, meˆme de
manie`re indirecte.
A de´faut de trouver des e´tudes D&A, proprement dites, qui s’inte´ressent a` la variabilite´
re´gionale du niveau de la mer dans la litte´rature, on trouve plusieurs e´tudes qui ont cherche´
un lien de cause a` effet dans la re´gion indo-pacifique tropicale, entre le re´chauffement local,
les variations de la circulation atmosphe´rique et des variations anormales du niveau de la
mer.
Dans l’oce´an Indien tropical
Dans l’oce´an Indien, Han et al. [2010] ont montre´ que depuis 1960 le niveau de la
mer a augmente´ partout sauf dans le sud de l’oce´an Indien tropical. Ils ont reproduit
ces observations avec un mode`le d’oce´an force´ par les vents de surface et ont montre´ que
ces variations du niveau de la mer s’expliquaient par les renforcements des cellules de
Hadley et de Walker au dessus de l’oce´an Indien. Les auteurs soulignent qu’une partie de
ce renforcement peut eˆtre attribue´e au re´chauffement au dessus de l’oce´an Indien, lui meˆme
lie´ a` l’augmentation des gaz a` effet de serre et sugge`rent donc une origine anthropique aux
tendances du niveau de la mer depuis 1960 dans l’oce´an Indien. Ceci donne des e´le´ments
de re´ponse a` la question scientifique n˚ 10 de la section 1.5 en ce qui concerne le niveau de
la mer dans l’oce´an Indien : la cause premie`re de la structure spatiale du niveau de la mer
que l’on observe dans l’oce´an Indien depuis 1960 semble eˆtre lie´e a` l’augmentation des gaz
a` effet de serre et leur impact sur la circulation atmosphe´rique actuelle selon Han et al.
[2010]... De plus, ceci donne aussi des e´le´ments de re´ponse a` la question scientifique n˚ 8 :
la variation du niveau de la mer dans l’oce´an Indien tropical n’apparait pas stable dans le
temps, elle semble avoir e´volue´ en temps et en espace au cours des dernie`res de´cennies en
re´ponse aux variations basse fre´quence locales du vent produites par les changements de
circulation atmosphe´rique.
Dans l’oce´an Pacifique tropical
Dans l’oce´an Pacifique tropical, de nombreuses e´tudes ont montre´ que les tendances
re´gionales du niveau de la mer a` l’Ouest du Pacifique au cours des dernie`res de´cennies
e´taient lie´es a` un renforcement des vents d’Est (Carton et al. [2005]; Ko¨hl et al. [2007];
Lee and McPhaden [2008]; Timmermann et al. [2010]; Merrifield [2011]). En particulier
Merrifield [2011]) a montre´ a` partir de mare´graphes situe´s a` l’Ouest du Pacifique, que
le niveau de la mer y avait augmente´ brutalement dans les anne´es 1990 en re´ponse a` un
renforcement des vents d’Est visible dans la re´analyse ORAS3 de l’ECMWF. Merrifield
and Maltrud [2011] ont confirme´ par la suite ce re´sultat en reproduisant la structure et
l’augmentation des tendances du niveau de la mer observe´s dans la re´gion depuis les anne´es
1990, avec un mode`le d’oce´an force´ par des vent d’Est de force croissante. CommeMerrifield
[2011] n’avait pas trouve´ de corre´lation entre le niveau de la mer moyen a` l’Ouest du
Pacifique (obtenu en moyennant les donne´es mare´graphiques) et les modes de variabilite´
locaux PDO et NGPO (2e`me EOF des hauteurs de mer calcule´es sur la re´gion 25˚ -62˚ N
par 180˚ -110˚ O, Di Lorenzo et al. [2010]) a` cause de l’augmentation brutale du niveau de
la mer dans les anne´es 1990, il a sugge´re´ que celle-ci ne pouvait re´sulter de la variabilite´
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naturelle du syte`me climatique. Cette proposition e´tait renforce´e par le fait qu’il a trouve´
une corre´lation entre l’augmentation brutale, dans les anne´es 1990, du niveau de la mer
a` l’Ouest du Pacifique avec des augmentations similaires de la tempe´rature de surface et
du rayonnement grande longueur d’onde locaux. Dans une e´tude tre`s re´cente cependant,
Merrifield and Thompson [in revision] rede´veloppent l’e´tude deMerrifield [2011] en retirant
le niveau de la mer global au niveau de la mer de l’Ouest du Pacifique (calcule´ comme la
moyenne des mare´graphes de l’Ouest du Pacifique) et en conside´rant la re´analyse de vent
NCEP au lieu de ORAS3 de l’ECMWF qui semble eˆtre marque´ par des biais anormaux.
Ces auteurs trouvent finalement que le niveau de la mer re´gional dans l’Ouest du Pacifique
au cours des dernie`res de´cennies est bien corre´le´ aux fluctuations du mode PDO et aux
fluctuations du vent qu’il engendre. En conse´quence Merrifield and Thompson [in revision]
concluent finalement que les tendances re´gionales actuellement observe´es dans le Pacifique
tropical sont finalement probablement d’origine naturelle et non anthropique.
Feng et al. [2004], en e´tudiant le niveau de la mer avec le mare´graphe de Fremantle (coˆte
Ouest de l’Australie) entre 1900 et 2002, ont eux aussi remarque´ un le´ger faiblissement des
vents d’Est sur le Pacifique entre 1950 et 1990 suivi d’une augmentation forte dans les
anne´es 1990. Ils ont pu e´tablir ces re´sultats a` l’aide des mesures du niveau de la mer a` Fre-
mantle car les variations basses fre´quences des vents d’Est au dessus du Pacifique ge´ne`rent
des ondes tre`s basse fre´quence (avec des pe´riodes inter-annuelles a` multi-de´cennales) de
variation du niveau de la mer a` l’Ouest du Pacifique qui se propagent a` travers les de´troits
indone´siens et sont capture´es le long de la coˆte Ouest Australienne. Feng et al. [2010] ont
confirme´ que les variations du niveau de la mer au mare´graphe de Pohnpei situe´ a` l’Ouest
du Pacifique e´taient cohe´rentes avec celles de Fremantle aux e´chelles inter-annuelles a`
multi-de´cennales. Dans une e´tude ulte´rieure (Feng et al. [2011]), ces auteurs ont aussi con-
firme´ que l’augmentation des vents d’Est au dessus du Pacifique dans les anne´es 1990, qu’ils
avaient induites du mare´graphe de Fremantle, se retrouvaient dans la majorite´ des produits
de re´analyse atmosphe´rique . En ce sens les observations de Feng et al. [2004, 2010, 2011]
confirment celles de Merrifield [2011]; Merrifield and Maltrud [2011] en ce qui concerne les
variations du niveau de la mer dans l’Ouest du Pacifique au cours des dernie`res de´cennies
et leur relation aux variations basse fre´quence des vents d’Est. En revanche Feng et al.
[2004] s’opposent a` Merrifield [2011] et Merrifield and Maltrud [2011] quand a` l’origine de
ces variations. En effet, Feng et al. [2004] trouvent une forte corre´lation entre les variations
du niveau de la mer a` Fremantle et le mode de variabilite´ PDO sur toute la longueur
de l’enregistrement. De plus, a` l’aide d’un mode`le statistique, ils montrent que la PDO
explique 63% de la variabilite´ du niveau de la mer a` Fremantle sugge´rant que le niveau
de la mer a` Fremantle tout comme le niveau de la mer dans l’Ouest du Pacifique et les
variations de vent d’Est sur le Pacifique observe´s au cours des dernie`res de´cennies re´sultent
essentiellement de la variabilite´ naturelle du syste`me climatique. In fine, ces conclusions
s’accordent avec celles de Merrifield and Thompson [in revision].
L’origine principale des variations du niveau de la mer dans le Pacifique au cours des
dernie`res de´cennies fait donc de´bat. S’agit-il de la variabilite´ naturelle du syste`me clima-
tique (hypothe`se de Feng et al. [2004] et Merrifield and Thompson [in revision]) ou observe
t’on de´ja` depuis les anne´es 1990 l’impact du re´chauffement global et du forc¸age anthropique
(suggestion de Merrifield and Maltrud [2011]) ? Ce point est d’autant plus important que
l’Ouest du Pacifique est l’une des re´gions les plus sensibles du monde a` l’augmentation du
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niveau de la mer : on y trouve les plus fortes augmentations du niveau de la mer depuis
les anne´es 1990 et parmi les ıˆles les plus basses au monde (voir section 3.1).
Pour tirer au clair ce proble`me et tenter de donner une re´ponse a` la question scientifique
n˚ 10 de la section 1.5 pour la re´gion du Pacifique tropical nous avons de´veloppe´ une e´tude
D&A afin de de´tecter et attribuer le signal du forc¸age anthropique dans les variations du
niveau de la mer local observe´ depuis les anne´es 1990 (par altime´trie). Cette e´tude s’intitule
”Tropical Pacific spatial trend patterns in observed sea level : internal variability and/or
anthropogenic signature ?”
Re´sume´ de l’article : ”Tropical Pacific spatial trend patterns in observed sea
level : internal variability and/or anthropogenic signature ?” (l’article original est
inse´re´ a` la fin de cette section 4.2.2).
Dans cette e´tude nous conside´rons la variabilite´ re´gionale du niveau de la mer telle
qu’elle est observe´e par l’altime´trie dans le Pacifique tropical au cours des 17 dernie`res
anne´es i.e. entre 1993 et 2010. Nous caracte´risons cette variabilite´ re´gionale par la carte
des tendances du niveau de la mer sur le Pacifique tropical au cours de ces 17 ans a` laquelle
nous retirons la tendance du niveau de la mer global afin de ne garder que le signal de
variablite´ re´gionale. En effet, l’impact du forc¸age anthropique sur le niveau global de la
mer et sa tendance e´tant de´ja` connu par ailleurs (voir section 4.2.2), nous nous sommes
inte´resse´s ici uniquement a` l’impact anthropique sur variabilite´ re´gionale (qui n’a jamais
e´te´ e´tudie´ auparavant).
17 ans de mesures est un enregistrement un peu court pour espe´rer de´tecter l’impact de
l’augmentation des gaz a` effet de serre qui est un processus lent. Pour cette raison, avant de
traiter la question de l’impact anthropique, nous cherchons a` de´terminer si les tendances
a` 17 ans du niveau de la mer, telles qu’observe´es par altime´trie, sont repre´sentatives de
tendances plus longues ou si elles e´voluent avec le temps et l’espace. Pour cela nous utilisons
la reconstruction 2D du niveau de la mer de´veloppe´e dans la section 2.2.2. Graˆce aux 60 ans
couverts par la reconstruction (entre 1950 et 2010), nous calculons 43 cartes de tendances
du niveau de la mer dans le Pacifique tropical sur 43 feneˆtres successives de 17 ans (en
commenc¸ant en 1950 et en calculant pour chaque anne´e la carte des tendance sur les 17
anne´es a` venir, on obtient 43 cartes). Nous calculons ensuite le premier EOF de ce jeu
de 43 cartes de tendances a` 17 ans afin de de´terminer quelle est la structure spatiale des
tendances a` 17 ans dominante sur les 60 dernie`res anne´es (en terme de variance explique´e)
et quelle est son e´volution temporelle. Il s’ave`re que c’est la structure spatiale observe´e au
cours des 17 ans d’altime´trie qui est la structure dominante sur les 60 dernie`res anne´es (37%
de la variance explique´e). De plus cette structure a fluctue´ dans le passe´ avec une periode
autour de 25 ans. Elle a e´te´ ne´gative dans les anne´es 1980 puis est redevenue positive dans
les anne´es 60.
Ce re´sultat est totalement nouveau et re´pond a` la question scientifique n˚ 8 de la section
1.5 (qui porte sur l’e´volution temporelle de la variabilite´ re´gionale des tendances du niveau
de la mer) pour l’oce´an Pacifique tropical. Nous confirmons avec cette observation ce que
sugge´rait l’origine thermoste´rique de la variabilite´ re´gionale du niveau de la mer a` savoir
que les tendances du niveau de la mer ne sont pas stables dans le temps mais fluctuent en
temps et en espace (voir section 2.1.1). Les structures spatiales observe´es par l’altime´trie
dans les tendances du niveau de la mer au cours des 17 dernie`res anne´es ne sont donc
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pas repre´sentatives de structures plus long terme. En revanche, nous mettons en e´vidence
que ces structures ne sont pas ale´atoires. Elles sont en fait la manifestation actuelle d’une
fluctuation a` basses fre´quences du niveau de la mer qui suit des basses fre´quences du mode
de variabilite´ ENSO (mise en e´vidence ici avec l’indice nin˜o3.4 reconstruit depuis 1856 a`
partir des donne´es HadSST de Kaplan et al. [1998]).
Ce re´sultat inattendu est confirme´ par les mode`les de climat dans les simulations qui
ne prennent en compte que la variabilite´ interne du syste`me climatique (simulations de
controˆle) c’est a` dire sans les forc¸ages exte´rieurs que sont la variabilite´ solaire et volcanique
et les e´missions anthropiques. En effet, parmi les 8 mode`les du projet CMIP3 qui fournissent
les variables ne´cessaires a` notre analyse, 6 d’entre eux montrent, dans leur simulation de
controˆle, des oscillations basses fre´quences (significativement diffe´rentes d’un processus
ale´atoire avec un niveau de confiance de 95%) des tendances re´gionales a` 17 ans du niveau
de la mer dans l’oce´an Pacifique tropical avec une signature spatiale proche de celle qui est
observe´e par l’altime´trie aujourd’hui. De plus 5 d’entre eux montrent que ces oscillations
suivent aussi des basses fre´quences significatives du mode climatique ENSO. Ceci sugge`re
que les me´canismes physiques en jeu dans ces co-oscillations basses fre´quences du niveau de
la mer et d’ENSO sont propres au syste`me climatique interne et ne sont pas directement lie´s
a` l’existence de forc¸ages exte´rieurs. Cependant ceci n’exclut pas que les forc¸ages exte´rieurs
jouent un roˆle dans la modulation de la fre´quence et de l’amplitude de ces oscillations.
Parmi les 5 simulations qui confirment les co-oscillations du niveau de la mer avec ENSO,
seules 2 montrent des oscillations basses fre´quences avec des pe´riodes entre 20 et 30 ans
comparable a` ce qui est observe´ dans la reconstruction. Les autres montrent des pe´riodes
plus courtes autour de 18-20 ans (sauf pour le mode`le UKMO hadcm3). Pourquoi ces
pe´riodes sont elles plus courtes ? Est ce parce que les forc¸ages exte´rieurs n’ont pas e´te´ pris
en compte ?
Afin de de´terminer l’existence e´ventuelle d’un tel impact des forc¸ages exte´rieurs (dont
les gaz a` effet de serre) sur les oscillations des tendances du niveau de la mer a` 17 ans dans
le Pacifique tropical, nous analysons, pour les meˆmes mode`les de climat, les simulations du
climat du XXe`me sie`cle (simulations 20c3m) qui comprennent tous les forc¸ages exte´rieurs.
Nous conside´rons tout d’abord la signature spatiale des tendances a` 17 ans de chaque
simulation de controˆle calcule´e plus haut (i.e. 1er EOF de la se´rie des cartes de tendances
a` 17 ans qui est similaire pour 5 des 6 simulations de controˆle a` celui que l’on observe dans
la reconstruction) comme e´tant la signature du mode naturel de variation des tendances
a` 17 ans du niveau de la mer. Nous la projetons ensuite sur les simulations du XXe`me
sie`cle correspondants a` chaque mode`le pour estimer leur e´volution temporelle au cours du
XXe`me sie`cle dans un climat comprenant tous les forc¸ages exte´rieurs. Pour les 5 mode`les
qui montrent dans leur simulation de controˆle les co-oscillations des tendances a` 17 ans du
niveau de la mer et d’ENSO, la projection re´ve`le l’existence de co-oscillations similaires
sur le XXe`me sie`cle. De plus, pour chacun des 5 mode`les, elle montre que les amplitudes de
ces co-oscillations sont le´ge`rement plus fortes et leurs fre´quences le´ge`rement plus e´leve´es
que dans les simulations de controˆle. Cependant, quand on prend en compte l’intervalle de
confiance a` 95%, ces diffe´rences avec les simulations de controˆle ne sont pas significatives.
Cette e´tude montre que les forc¸ages exterieurs, parmi lesquels se trouve les e´missions
anthropiques, n’ont pas jusqu’ici, d’impact significatif sur le comportement des tendances
re´gionales a` 17 ans du niveau de la mer dans l’oce´an Pacifique tropical. En particulier
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elle montre que les tendances re´gionales observe´es par altime´trie dans le Pacifique tropical
aujourd’hui, sont la phase haute d’une oscillation basse fre´quence (pe´riode entre 20 et 30
ans) lie`e a` ENSO qui est essentiellement la conse´quence de la variabilite´ interne du syste`me
climatique. Dans le meˆme temps, cette e´tude sugge`re que l’impact potentiel des forc¸ages
exterieurs sur cette oscillation pourrait se traduire par une augmentation de son amplitude
et de sa fre´quence. Cependant, e´tant donne´ l’amplitude de la variabilite´ interne dans la
re´gion ceci n’est pas encore de´tectable. Le rapport signal sur bruit (i.e. forc¸age anthropique
sur variabilite´ interne du syste`me climatique) est encore trop faible.
En conclusion les re´sultats de notre e´tude s’accordent avec les re´sultats de Feng et al.
[2004] et Merrifield and Thompson [in revision] pour donner la meˆme re´ponse a` la question
scientifique n˚ 10 de la section 1.5 : la variabilite´ re´gionale du niveau de la mer que l’on
observe dans le Pacifique tropical depuis 1993, est d’origine naturelle et plus pre´cisement
vient en majorite´ de la variabilite´ interne du syste`me climatique. De plus elle est lie´e a`
l’e´volution basse fre´quence d’ENSO.
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Abstract. In this study we focus on the sea level trend pattern
observed by satellite altimetry in the tropical Pacific over the
1993–2009 time span (i.e. 17 yr). Our objective is to inves-
tigate whether this 17-yr-long trend pattern was different be-
fore the altimetry era, what was its spatio-temporal variabil-
ity and what have been its main drivers. We try to discrimi-
nate the respective roles of the internal variability of the cli-
mate system and of external forcing factors, in particular an-
thropogenic emissions (greenhouse gases and aerosols). On
the basis of a 2-D past sea level reconstruction over 1950–
2009 (based on a combination of observations and ocean
modelling) and multi-century control runs (i.e. with constant,
preindustrial external forcing) from eight coupled climate
models, we have investigated how the observed 17-yr sea
level trend pattern evolved during the last decades and cen-
turies, and try to estimate the characteristic time scales of
its variability. For that purpose, we have computed sea level
trend patterns over successive 17-yr windows (i.e. the length
of the altimetry record), both for the 60-yr long reconstructed
sea level and the model runs. We find that the 2-D sea level
reconstruction shows spatial trend patterns similar to the one
observed during the altimetry era. The pattern appears to
have fluctuated with time with a characteristic time scale of
the order of 25–30 yr. The same behaviour is found in multi-
centennial control runs of the coupled climate models. A
similar analysis is performed with 20th century coupled cli-
mate model runs with complete external forcing (i.e. solar
plus volcanic variability and changes in anthropogenic forc-
ing). Results suggest that in the tropical Pacific, sea level
trend fluctuations are dominated by the internal variability
of the ocean–atmosphere coupled system. While our analy-
sis cannot rule out any influence of anthropogenic forcing, it
concludes that the latter effect in that particular region is still
hardly detectable.
1 Introduction
Long term sea level rise is a critical issue of the global
climate change because of its potential negative impact on
many coastal regions of the world (Solomon et al., 2007).
For this reason, it has been extensively studied in recent
years. Since 1993, sea level is accurately monitored by satel-
lite altimetry (using the Topex/Poseidon, Jason-1, Jason-2,
ERS-1/2 and Envisat satellite missions) with high accuracy
and global coverage. Recent studies based on these observa-
tions showed that sea level is rising at a global mean rate of
3.3 mm yr−1 since 1993 (e.g. Ablain et al., 2009; Cazenave
and Llovel, 2010; Nerem et al., 2010). They showed as well
that sea level does not rise uniformly but displays strong re-
gional variability (see Fig. 1a). To highlight this regional
variability, the uniform trend (global mean) of 3.3 mm yr−1
has been removed from Fig. 1a. In some regions such as
the western Pacific, the North Atlantic around Greenland or
the south-eastern Indian ocean, sea level rose up to 4 times
faster than the global mean over 1993–2009. Meanwhile,
Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. Satellite altimetry sea level trends over 1993–2009 and re-
constructed past sea level trends over 1950–2009. (a) Trends com-
puted from the weekly AVISO sea level dataset. Time series have
been averaged to annual time series. A global averaged sea level
trend of 3.3 mm yr−1 has been removed. (b) Reconstructed sea level
trends over 1950–2009 (the reconstruction total time span); a global
averaged sea level trend of 1.76 mm yr−1 has been removed. The
time series have been averaged to annual time series.
other regions such as the eastern Pacific or the north-western
Indian ocean show lower rates of sea level rise. These large
deviations from the global mean trend suggest that in dif-
ferent parts of the world, low lying lands are not facing the
same risk of sea level rise. Hence, when assessing the poten-
tial impacts of sea level rise, it is of primary importance to
understand the time variability of observed regional sea level
trend patterns and the causes which drive them.
A number of previous studies have shown that sea level
trend patterns over the altimetry era mainly result from ocean
temperature and salinity changes (e.g. Bindoff et al., 2007).
This was evidenced by the comparison between altimetry-
based and steric trend patterns deduced from in-situ hydro-
graphic measurements (Ishii and Kimoto, 2009; Levitus,
2005; Levitus et al., 2009; Lombard et al., 2005a, b) and
ocean general circulation models (OGCMs) outputs (Wun-
sch et al., 2007; Kohl and Stammer, 2008; Carton and Giese,
2008; Lombard et al., 2009). Analyses of in situ ocean tem-
perature measurements showed that the thermosteric com-
ponent is the most important contribution to the observed
sea level regional variability. OGCM runs with or with-
out data assimilation have confirmed that point. However
salinity changes may also play some role at regional scale,
partly compensating temperature effects, as shown by Wun-
sch et al. (2007) and confirmed by other studies (e.g. Kohl
and Stammer, 2008; Lombard et al., 2009).
Other phenomena may also contribute to the regional vari-
ability in rates of sea level change. This is the case of gravita-
tional and deformational effects of the solid Earth in response
to mass redistributions of the last deglaciation and ongoing
land ice melting (Gomez et al., 2010; Milne and Mitrovica,
2008; Milne et al., 2009; Mitrovica et al., 2001, 2009). How-
ever, these effects are currently small and have not yet been
detected in the altimetry-based sea level patterns.
Observations have shown that thermosteric spatial pat-
terns are not stationary but fluctuate in time and space in
response to driving mechanisms such as the ENSO (El Nin˜o-
Southern Oscillation), the NAO (North Atlantic Oscillation)
and the PDO (Pacific Decadal Oscillation) (Levitus, 2005;
Lombard et al., 2005a; Di Lorenzo et al., 2010; Lozier et al.,
2010). Thus regional sea level trend patterns observed over
the altimetry era were likely different prior to 1993.
The spatial and temporal variability of steric sea level
change is tightly linked to complex ocean dynamics. It re-
sults from the redistribution of heat and fresh water both hor-
izontally and vertically through sea-air fluxes and changes
in the ocean circulation. Several studies have identified
surface wind stress as the main driving mechanism of
circulation-based heat and salt redistribution over the past
few decades (e.g. Kohl and Stammer, 2008), in particular in
the Indo-Pacific region (Timmermann et al., 2010; Han et al.,
2010). But according to Kohl and Stammer (2008), surface
fluxes and particularly buoyancy fluxes may have played an
increasing role during the past 2 decades.
This important role of heat and fresh water redistribution
in steric sea level trend patterns was previously noticed by
Wunsch et al. (2007). These authors argued that given the
long memory time of the ocean, observed patterns reflect
an integration of the present forcing with internal changes
and forcing that occurred in the past. This is another argu-
ment suggesting that the sea level trend patterns observed by
satellite altimetry over the last 17 yr (the altimetry era) are
not steady.
The purpose of the present study is to address two im-
portant scientific questions related to the sea level regional
variability: (1) if sea level trend patterns are not stationary
through time, how have they evolved during the last decades
and what are their characteristic time scales? (2) What are
the factors that drive them: are they mainly due to internal
variability of the climate system or do they already reflect
external forcing factors, in particular anthropogenic forcing?
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2 Methods
In this study we focus on the sea level spatial trend pattern
of the tropical Pacific. To try to answer the above questions
concerning this region, we use different observational data
sets and climate model outputs. For the sea level observa-
tions we use altimetry data since 1993 and a new version of
a past sea level reconstruction over 1950–2009 (Meyssignac
et al., 2012). For the climate model outputs, we use runs
of eight coupled global climate models (CGCM here after)
from the Coupled Model Intercomparison Project 3 database
(hereafter CMIP3). These datasets are presented hereafter in
more details.
Using the altimetry data set, we compute the observed spa-
tial trend pattern over 1993–2009. Using the reconstructed
2-D sea level fields since 1950, we compute sea level trend
patterns over successive 17-yr windows (the length of the al-
timetry data set) for the past 6 decades. The objective is to
identify the dominant modes of variability and the character-
istic life time of the 17-yr-long spatial trend pattern over the
last 60 yr. Then we compute the sea level trend patterns over
successive 17-yr windows from the CGCM multi-centennial
control run outputs. These runs with constant, preindustrial
external forcing give us an estimation of the modelled 17-yr
sea level trend pattern produced by the internal variability of
the climate system and its evolution with time. We check
whether the tropical Pacific sea level trend pattern resembles
the observed one or not. A similar analysis is done with the
CGCM climate model runs over the 20th century. The latter
runs include human-induced changes in atmospheric green-
house gases and aerosols (as discussed later in this paper,
some of these models do not take into account natural forcing
such as solar or volcanic variability). Results are compared
to those of the control runs. The issue is indeed to detect or
not the signature of natural and anthropogenic forcing factors
on the sea level trend patterns of the tropical Pacific.
3 Data
3.1 Satellite altimetry sea level data (1993–2009)
We used altimetry-based 2-D sea level fields from
AVISO (http://www.aviso.oceanobs.com/en/data/products/
sea-surface-height-products/global/index.html). The data
consisted of gridded sea level anomalies at weekly intervals
on a 1/4◦ regular grid, from January 1993 to December 2009.
We used the DT-MSLA “Ref” series computed at CLS (Col-
lecte Localisation Satellite) by combining several altimeter
missions, namely: Topex/Poseidon, Jason 1 and 2, Envisat
and ERS 1 and 2. It is a global, homogenous, intercalibrated
dataset based on global crossover adjustment (Le Traon
and Ogor, 1998) using Topex/Poseidon and then Jason 1 as
reference missions. It is corrected for the long wavelength
orbit errors (Le Traon et al., 1998), ocean tides, and wet/dry
troposphere and ionosphere (see Ablain et al., 2009 for more
details). The inverted barometer (IB) correction has also
been applied in order to minimize aliasing effects (Volkov et
al., 2007) through the MOG2D barotropic model correction
that includes the dynamic ocean response to short period
(<20 day) atmospheric wind and pressure forcing and the
static IB correction at periods above 20 day (see Carrere and
Lyard, 2003 for details).
3.2 Two-dimensional past sea level reconstruction
(1950–2009)
To determine the sea level trend pattern variability over the
last decades (i.e. prior to the altimetry era), we updated the
previous past sea level reconstruction developed by Llovel et
al. (2009) (Meyssignac et al., 2012). Let us briefly summa-
rize Llovel et al. (2009)’s reconstruction. The method, based
on the reduced optimal interpolation described by Kaplan et
al. (2000), consists of interpolating long tide gauge records
with a time varying linear combination of spatial modes of
a 2-D sea level field. The method has 2 steps. In the first
step, an Empirical Orthogonal Function (EOF) decomposi-
tion (Preisendorfer, 1988; Toumazou and Cretaux, 2001) of
2-D sea level fields is performed (based on outputs of the
OPA/NEMO ocean circulation model). This decomposition
allows separating the spatially well- resolved signal of the
model into spatial modes (EOFs) and their related principal
components (PCs). The second step consists of computing
new PCs over a longer period (1950–2003) covered by the
selection of the considered 99 long tide gauge records. This
is done through a least-squares optimal procedure that mini-
mizes the differences between the reconstructed field and the
tide gauge records at the tide gauge locations. Compared to
the previous sea level reconstruction of Church et al. (2004),
the originality of Llovel et al. (2009)’s reconstruction is the
use of long-term sea level patterns (EOFs) deduced from a
44-yr long run of the OPA/NEMO ocean model, instead of
the shorter altimetry record. This, in principle, allows bet-
ter capturing of the decadal variability of the spatial trend
patterns (see Llovel et al., 2009 for more details).
In the present study, we use a new version of the recon-
struction based on three modifications. First, we followed
Christiansen et al. (2010) and made use of a covariance ma-
trix error and of the so-called EOF0 (i.e. the EOF mode cor-
responding to the geographically averaged but time-variable
sea level, processed separately from the other EOF modes
as in Church et al., 2004’s reconstruction). This drastically
improves the accuracy of the reconstructed trends over the
reconstructed period. Second, on the basis of the lastest
data available from the Permanent Service For Mean Sea
Level (PSMSL: http://www.psmsl.org), we updated the tide
gauge records used by Llovel et al. (2009) and reconstructed
sea level until December 2009. Thus the new reconstruc-
tion provides a monthly time series of global 2-D sea level
fields from January 1950 to December 2009. Third, for
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the computation of the EOFs patterns, instead of using the
OPA/NEMO model, which has a coarse resolution of 2◦ on
average, we preferred to use the ORCA025-B83 run of the
DRAKKAR/NEMO model which has a higher resolution of
1/4◦. Indeed, Penduff et al. (2010) showed that ocean mod-
els with higher resolution bring substantial improvements in
the representation of the sea level spatial variability, in par-
ticular at interannual time scales. The ORCA025-B83 run
is based on the free surface ocean circulation model NEMO
version 2.3 (Madec, 2008). This simulation is very close
to the simulation ORCA025-G70, analysed and compared to
satellite altimetry data by Lombard et al. (2009). It does not
assimilate any observational data (e.g. satellite altimetry or
in situ data) as in ORCA025-G70. It is forced by the re-
alistic hybrid surface forcing “DRAKKAR forcing set 4.1”
described in details by Brodeau et al. (2010). This forc-
ing is based on the CORE dataset assembled by W. Large
(Large and Yeager, 2004), the ECMWF (European Center for
Medium-Range Weather Forecast) ERA 40 reanalysis (Up-
pala et al., 2005), and the ECMWF operational analyses for
recent years. This new reconstruction has been validated at
global scale (Meyssignac et al., 2012) and in the tropical
Pacific region (Becker et al., 2012) by comparison with in-
dependent tide gauge records not used in the reconstruction
process. Figure 1b shows the reconstructed sea level trend
patterns over 1950–2009 (uniform trend removed). As ex-
pected, regional sea level trend patterns reconstructed over
the last 60 yr differ largely from those observed during the
last 17 yr (see Fig. 1a for comparison).
3.3 Coupled Climate Model (CGCM) runs
Concerning the CGCM simulations, we analyzed both multi-
centennial control runs and runs covering the 20th century
starting in the mid 19th century and ending in the 2000s
(named picntrl and 20c3m runs respectively in the CMIP3
nomenclature).
The control runs and the 20th century runs differ by the ex-
ternal forcing. For the 20th century runs, external forcing in-
cludes changes in greenhouse gases, tropospheric and strato-
spheric ozone, anthropogenic stratospheric sulfates, black
and organic carbon, volcanic aerosols, solar irradiance and
the distribution of land cover. In the control runs, all ex-
ternal forcing variables are kept constant at their (preindus-
trial) 1860 values. These picntrl runs are intended to provide
an estimate of the internal variability of the climate system.
The 20c3m runs provide an estimate of the 20th century cli-
mate. They use observed, time-varying external forcing from
around 1860 to 2000.
Among all CGCMs available in CMIP3 we have selected
models that provide both sea surface temperature and sea
level variables in their control run and 20th century run out-
puts. Models with less than 300 yr of control run were dis-
carded. This led us to use a subset of 8 models: GFDL cm2.1,
CNRM cm3, GISS model er, IAP fgoals g1.0, IPSL cm4,
MIROC 3.2 medres, NCAR ccsm3 0, and UKMO hadcm3.
The vertical and horizontal resolutions for the atmospheric
and oceanic modules of each model are gathered in Table 1
along with the references in which the models are described
in details. Note that for each of the selected models, one
control run and one 20th century run at least were analyzed.
When several 20th century runs were available (see Table 1),
they were all analyzed one by one. Note as well that the
selected models differ in their 20c3m run external forcing.
For example, the IPSL 20c3m run does not include solar
and volcanic variability. The IAP 20c3m does not include
the volcanic variability. All other models include both so-
lar and volcanic variability (see Table 1). But we decided
to keep the IPSL and the IAP models in our selected subset
because only few models provide the outputs necessary for
this study. The final discussion will show that this does not
impact our conclusions.
The sea surface height (SSH) fields given in the model out-
puts are incomplete and can not be directly compared to the
observations in terms of global mean. Indeed the models do
not contain the global mean steric sea level signal because
they use the Boussinesq assumption that enforces the total
ocean volume to remain constant. On the other hand, the
models correctly simulate the regional sea level changes be-
cause the Boussinesq assumption has no impact on the latter
(see Greatbatch, 1994). Hence the SSH output variable is
well adapted to the regional analysis performed in this study.
4 Results
All computations were done on the basis of the monthly time
series from altimetry, the 2-D past reconstruction and the
CGCMs. In this study, we are interested in the regional vari-
ations of the sea level trends at inter-annual to multi-decadal
time scales. Hence, two processings have been applied to
the sea level time series prior to our analysis. (1) The global
mean sea level trend was removed from the sea level time
series because this study focuses on the regional variabil-
ity around the global mean (this also removes any internal
drift of the CGCM runs at the same time), (2) the time series
were averaged on a yearly basis and filtered for the multi-
centennial signals to focus on the inter-annual to the multi-
decadal time scales. These low frequency signals were fil-
tered out with a high-pass filter with a 80-yr cutoff. The
high-pass filter built here is a fast Fourier transform convolu-
tion with a Hamming window cutting at 1/80 yr−1 (Brigham,
1974). The choice of the 80-yr filter cutoff enables us to keep
signals with periods shorter than 70 yr, in which we are most
interested (see further), and to ensure a reliable (somewhat
conservative) filtering of the multi-centennial signals.
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Table 1. List of coupled Atmosphere-Ocean General Circulation Models considered in this study with key characteristics.
Atmospheric Oceanic External forcing
Model


















GFDL cm2.1 NOAA GFDL
(USA)
24 levels Lon: 2.5◦, Lat: 2◦




Lon: 1◦ Lat: 0.33◦









45 levels 2.8◦ on average
(T63 triangular truncation)
De´que´ et al. (1994)
31 levels
Rigid lid
Lon: 2◦ Lat: 0.5◦
(equator) to 2◦ (pole)
Madec et al. (1998)
run picntrl: 350






20 levels Lon:5◦, Lat: 4◦





Russell et al. (1995)
run picntrl: 500






26 levels 2.8◦ on average
(T42 truncation)





Jin et al. (1999);
Liu et al. (2004)
run picntrl : 350




19 levels Lon: 3.75◦, Lat: 2.5◦





Madec et al. (1998)
run picntrl: 500













Lon: 1.4◦ Lat: 0.5◦
(equator) to 1.4◦ (pole)
K-1 Developers (2004)
run picntrl: 500






26 levels 1.4◦ on average
(T85 truncation)




Lon: 1◦ Lat: 0.3◦
(equator) to 1◦ (pole)
Smith and Gent (2002)
run picntrl: 500






19 levels Lon:3.75◦, Lat: 2.5◦
Pope et al. (2000);





Johns et al. (2006);
Gordon et al. (2000)
run picntrl: 350
1 run 20c3m: 140
Yes Yes Yes
4.1 Observed 17-yr trend patterns over the tropical
Pacific since 1950
Over the 17 yr of altimetry era, sea level trends show char-
acteristic patterns (see Fig. 1a). The most prominent fea-
ture is the strong east-west dipole in the tropical Pacific re-
gion, positive in the western part and negative in the east-
ern part. This pattern has been persistent for several years
now. It was already observed over the first 10 yr of the al-
timetry period (1993–2003) by Cazenave and Nerem (2004)
(see their Fig. 7). With the 2-D past sea level reconstruc-
tion, we can gain some insights on how the tropical Pacific
sea level trend pattern evolved over longer time scales (here,
up to 60 yr). We computed spatial trend patterns of the re-
constructed sea level over successive 17-yr windows (i.e. the
length of the altimetry data set). This gives as an output a
set of 43 17-yr-long trend maps (starting in 1950 and shift-
ing by one year the 17-yr time span, this provides 43 trend
maps). Figure 2 shows 3 of these reconstructed 17-yr sea
level trend patterns over three time spans: 1993–2009, 1976–
1992 and 1959–1975. They all exhibit a strong ENSO-like
dipole pattern. As expected, we note that the 1993–2009 re-
constructed sea level pattern is very close both in shape and
amplitude to the observed one. The 1959–1975 trend pat-
tern is somehow different in shape but still exhibits a strong
ENSO-like pattern with slightly lower amplitude than over
1993–2009. This indicates that a trend pattern similar to the
presently observed one already existed in the late 1960s and
the early 1970s. On the other hand, the 1976–1992 pattern
is opposite to the 1993–2009 one almost everywhere. This
suggests that the tropical Pacific trend pattern seems to have
fluctuated with time and was opposite to the present one in
the late 1970s and the 1980s.
To investigate this further, we performed an EOF decom-
position of the set of 43 reconstructed 17-yr trend maps. On
the basis of these EOFs, we computed the first rotated EOF
(see von Storch and Zwiers, 1999) to obtain the EOF that
maximizes the explained variance among the 43 17-yr-long
trend maps. This EOF is presented in Fig. 3. It accounts
for 37 % of the total variance. The second rotated EOF ex-
plains 25 % of the total variance and the third one 7 %. The
leading EOF spatial pattern is very similar to the altimetry
spatial pattern (Fig. 1a). This shows that the spatial pattern
observed by satellite altimetry during the last 17 yr turns out
to be the most frequently observed pattern among all the 17-
yr sea level trend maps of the last 60 yr (in terms of explained
variance). Its PC indicates that this pattern has fluctuated
with time (see Fig. 3). It was opposite to its current value in
the 1970s and early 1980s and went back to values similar
to what we observe now in the late 1960s (with a lower am-
plitude), as already suggested by Fig. 2. These fluctuations
follow the low frequency variations of the extended NINO3
index (a proxy of El Nin˜o; Kaplan et al., 1998). This index
is the average of the sea surface temperatures (SST) over the
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Fig. 2. Reconstructed sea level trends over three different 17-yr
windows: (a) 1959–1975, (b) 1976–1992 and (c) 1993–2009. Time
series have been averaged to annual time series. The global aver-
aged sea level trend has been removed for each map.
NINO3 region (150◦ W–90◦ W, 5◦ S–5◦ N). Here it has been
filtered with a 10-yr running mean (see Fig. 3). The cor-
relation coefficient between the two curves shown in Fig. 3
is 0.63, with a significance level (SL) >99 %. This result
suggests that the reconstructed sea level trend pattern fluc-
tuation reflects a natural mode of the climate system: a low
frequency modulation of ENSO.
Another way to analyse the reconstructed 17-yr-long sea
level trend fluctuations of the tropical Pacific is to look at two
regions defined by boxes A and B (see Fig. 2). Box A is lo-
cated in the western Pacific (15◦ N–15◦ S by 120◦ E–200◦ E)
Fig. 3. First rotated EOF of the set of 17-yr trend maps computed
with the reconstruction over the tropical Pacific. It explains 37 %
of the total variance. The PC is the black curve. The NINO3 index
from Kaplan et al. (1998), filtered with a 10-yr running mean and
detrended, is superimposed in blue. Their correlation coefficient is
0.63 (SL > 99 %).
and box B in the eastern Pacific (15◦ N–15◦ S by 200◦ E–
280◦ E). We computed the mean sea level (global mean sea
level trend removed) in each box and compared it to the ex-
tended NINO3 index. The resulting curves are presented in
Fig. 4a. The mean sea level in box A (western Pacific) co-
varies (but with opposite sign) with the mean sea level in box
B (eastern Pacific). This confirms that the tropical Pacific
sea level behaves as an east-west dipole that fluctuates with
time. This fluctuation closely follows the ENSO mode of
variability represented by the NINO3 index: the correlation
between NINO3 index and eastern Pacific mean sea level is
0.73 (SL > 99 %).
We also computed the mean sea level trend in box B over
successive 17-yr windows. Its time amplitude is displayed
in Fig. 4b along with the NINO3 index time series smoothed
with a 10-yr running mean. As suggested by the rotated EOF,
this analysis confirms that the 17-yr trends in the tropical Pa-
cific fluctuate with time following some low frequencies of
the ENSO mode.
In order to isolate the low frequencies of the extended
NINO3 index connected with the 17-yr trends fluctuations,
we computed the NINO3 index power spectrum in Fig. 4c.
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Fig. 4. (a): Minus spatial averaged sea level over box A in blue,
spatial averaged sea level over box B in red, and NINO3 index in
black. Time series have been smoothed with a 1-yr running mean.
The NINO3 index is normalised in amplitude. (b): Spatial average
of sea level trends of box B computed over successive 17-yr win-
dows in red. NINO3 index in black, filtered with a 10-yr running
mean. Before computation, the spatially averaged sea level trend
has been removed from the sea level time series. NINO3 index has
been detrended over the period as well and normalised in amplitude.
(c): NINO3 index (Kaplan et al., 1998) power spectrum (in black)
and the best fit AR2 process in grey as the null hypothesis. The
grey dash lines indicate the 95 % confidence level around the null
hypothesis
The power spectrum of the best fit random process is also
shown. It gives an estimation of what would be the power
spectrum of a random process with a variability similar to
the NINO3 index one (in terms of mean, variance and power
spectrum). We added its 95 % confidence interval in Fig. 4c
(it is the area of the power spectrum that is covered by 95 %
of the randomly generated series). All frequency bands in
which the NINO3 index power rises above the 95 % con-
fidence level reveal the presence of a robust, deterministic
ENSO frequency (at the 95 % confidence level), while the
signal contained inside the confidence interval can be con-
sidered as undistinguishable from random fluctuations (null
hypothesis).
The choice of an appropriate random process is a key is-
sue. It has been done here in 2 steps. In the first step we
chose the random process among simple random linear pro-
cesses: the autoregressive models (AR) (this is the classical
approach for climate records, see von Storch and Zwiers,
1999). Here we considered an AR process of order 2 be-
cause, according to the partial autocorrelation function of the
NINO3 index, it appears to be indistinguishable from zero
for lag greater than 2 (AR processes of a given order n are
known to have a partial autocorrelation function that is indis-
tinguishable from zero for lag greater than n, see von Storch
and Zwiers, 1999). Moreover we computed an objective test
for AR order (based on the Akaike information criterion, see
von Storch and Zwiers, 1999) which indicates that an AR2
should best fit the data as well. In a second step, given the
order of the AR process, we computed the parameters that
best fit the NINO3 index using a least squares procedure.
Figure 4c confirms that the AR2 process spectrum fits the
NINO3 index spectrum well. Thus the extended NINO3
index is well represented by a linearly damped oscillator
driven by white noise (AR2 model). It shows a range of
preferred time scales centred around 4.3 yr (see the black
arrow in Fig. 4c). Some spectral peaks significantly dif-
fer from the AR2 model. They can be found in the inter-
annual band around the 3.7 yr and 5.8 yr periods and in the
inter-decadal band around the 13.2 yr period. But none of
these peaks can account for the low frequency modulation
of ENSO identified earlier (with periods between 20 yr and
30 yr, see Fig. 4b). The NINO3 index shows actually some
power in the 20 yr to 30 yr waveband (see Fig. 4c) but it re-
mains indistinguishable from a random fluctuation either be-
cause it is of random origin or because the short length of the
NINO3 record does not allow a good estimation of its power
spectrum.
The time span covered by the sea level reconstruction is
relatively short, covering only 60 yr. Nevertheless, during
this time span, the 17-yr long spatial trend pattern observed
by satellite altimetry in the tropical Pacific fluctuated with
time, revealing periods during which sea level rise acceler-
ated or decelerated. Presently, the sea level trend pattern is
similar to what it was in the 1960s. This long-term fluctua-
tion seems to be connected to some multi-decadal frequency
of ENSO variability in the 20 yr to 30 yr waveband. But
given the short length of the NINO3 index record, these low
frequency ENSO fluctuations are not significant at the 95 %
confidence level.
4.2 17-yr trend patterns in the tropical Pacific from
CGCM runs
4.2.1 PIcntrl runs
The same strategy was applied to analyse the trend patterns
of the tropical Pacific from CGCM control runs. We con-
sidered 17-yr windows to compute sea level trends from the
multi-centennial models outputs. The first rotated EOF and
the averaged 17-yr trends over boxes A and B were then de-
rived from the resulting set of 17-yr trend maps following the
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method described in Sect. 4.1 for the reconstructed 2-D sea
level fields.
In Fig. 5 the spatial patterns of the first rotated EOFs for
each CGCM control run are presented, while Fig. 6 shows
the power spectra of their respective PCs. Note that, as for
the rotated EOF in Fig. 3, the maximum of the PC has been
normalised to 1 and the same colour scale has been used.
Looking at Fig. 5, we note that all CGCM control runs
show spatial patterns with a magnitude comparable to recon-
structed (Fig. 3) and observed fields (Fig. 1a). The magni-
tudes range from −12 mm yr−1 to +12 mm yr−1. Further-
more, 6 models out of 8 (GFDL, CNRM, GISS, IAP, NCAR
and UKMO) show a clear east-west dipole in the tropical Pa-
cific as in the observations. But, in general, patterns differ in
shape. In 4 models (GFDL, CNRM, NCAR, and UKMO),
patterns are fairly similar to each other and exhibit some
common features with the observed ones. They are domi-
nated by a strong positive signal south-east of Papua-New
Guinea and a more modest positive anomaly north of Papua-
New Guinea that are seen in the observations as well (see
Figs. 1a and 3 for comparison). For the NCAR and the
UKMO runs, the positive trend anomalies extend slightly too
far eastward in the equatorial Pacific. They exhibit as well
negative trend anomalies east of the Philippines. The latter
are also seen in the observations but are actually centred far-
ther northward (around 20◦ North).
The power spectra of the first PCs are shown in Fig. 6.
Note that the IAP run is an exception: it is the only one show-
ing a significant variance of its PC in the inter-annual wave-
band. Except for this run, all PCs concentrate their variance
into a few peaks in the multi-decadal waveband. This in-
dicates that in the CGCM control runs, the tropical Pacific
17-yr trends appear to fluctuate with time at multi-decadal
time scales as in the observations. The GFDL and CNRM
runs present a unique peak centred at 28 yr indicating that
their spatial trend pattern fluctuate at time scales of 25–33 yr,
as in the observations. The GISS, NCAR and UKMO runs
show instead three peaks centred at 20 yr, 28 yr and 40 yr (up
to 50 yr in the UKMO run).
To investigate this further, we analysed the 17-yr sea level
trends averaged over boxes A and B for each model. As
for the reconstructed sea level, the two time series exhibit
a strong anti-correlation (not shown) indicating that in the
control runs as well, 17-yr sea level trends in the tropical Pa-
cific behave as an east-west dipole. Furthermore, the box B
signal correlates well with the NINO3 index smoothed with a
10-yr running mean: the correlation coefficients are between
0.58 (for the CNRM cm3 control run) and 0.82 (for the IAP
control run) (SL > 99 %).
We computed the power spectra of the NINO3 index
and the box B 17-yr sea level trends of each control run
(see Fig. 7). The long time period covered by the con-
trol runs allows capturing the multi-decadal variability of
both signals, unlike with the reconstruction and the satellite
altimetry observations.
NINO3 indices of the control runs are shown in Fig. 7 to-
gether with their respective autoregressive (AR2) null hy-
pothesis and 95 % confidence interval. The AR2 random
processes have been chosen using the same procedure as
described in Sect. 4.1. As for the observations, AR2 pro-
cesses appear to properly fit the NINO3 index spectra. This
indicates that for each CGCM control run also, the linear
damped oscillator models (AR2) reproduce fairly well the
NINO3 index in terms of power spectrum (for the NCAR run,
the monotonic spectrum suggests that an AR1 process may
have been sufficient). Only the GFDL, GISS and UKMO
runs appear to have their range of preferred time scales cen-
tred at 4 yr as in the observations (see the black arrow on
Fig. 4c) and a fairly good distribution of their variance be-
tween inter-annual and multi-decadal time scales. The GISS
run shows a too low total variance. The CNRM, IAP, IPSL
and NCAR runs have their range of preferred time scales cen-
tred around 2–3 yr instead of 4 yr, and show too large vari-
ance in the inter-annual timescales compared to the obser-
vations. The MIROC run shows too much variance in the
multi-decadal time scales. It is interesting to note that most
of the CGCM runs (except the IPSL and the IAP ones) show
several peaks significant at the 95 % level of confidence in
the multi-decadal waveband. But their central periods differ.
In particular, the GFDL, CNRM, GISS, MIROC and UKMO
runs agree on the presence of a significant peak at periods
around 20–30 yr.
Spectra of the 17-yr sea level trends averaged over box B
are shown in Fig. 7 along with their null hypothesis. The null
hypothesis here is the assertion that the 17-yr box B sea level
trends are indistinguishable from the 17-yr trends of the AR2
process that best fit the sea level in box B. This choice was
driven by the same reasons as in Sect. 4.1. We also added the
95 % confidence in Fig. 7.
The spectra shown in Fig. 7 are not significant in the inter-
annual waveband. At these time scales, the power spectra
of the 17-yr trends’ time series are actually dominated by
the auto-correlation coming from the overlapping of the 17-
yr windows. For the multi-decadal waveband, we note that
6 CGCM runs (GFDL, CNRM, IAP, MIROC, NCAR and
UKMO) show some significant peaks at the 95 % confidence
level. They confirm that 17-yr sea level trends oscillate sig-
nificantly at multi-decadal time scales in the tropical Pacific.
Furthermore, except for the IAP run, each significant peak is
associated with a significant peak of its respective NINO3 in-
dex spectrum (see Fig. 7), suggesting that for the majority of
the control runs, the significant low frequency fluctuation of
the 17-yr sea level trends at multi decadal time scales follows
an ENSO-related low frequency modulation.
This is confirmed by the squared coherence function
of both signals (black curves on Fig. 7). This function,
computed using Welch’s overlapped averaged periodogram
method (Rabiner and Gold, 1975), gives the coherence be-
tween two signals (value between 0 and 100 %). Figure 7
shows that for 5 models (GFDL, CNRM, MIROC, NCAR
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Fig. 5. Spatial patterns of the first rotated EOF of the set of 17-yr trend maps computed with the coupled climate model control runs.
Fig. 6. Power spectra of the first PC of the set of 17-yr trend maps computed with the coupled climate model control runs. The power is
plotted against the natural log of frequency so that the era under the curve in a particular frequency band is equal to the variance explained
by the signal contained in this band of frequency.
and UKMO), the 17-yr signal in box B is very coherent
with the NINO3 index at low frequency. In particular, at
each frequency where a significant peak of both the 17-yr
sea level trend and its respective NINO3 index can be found
(see the grey vertical bars in Fig. 7), the coherence between
both signals is very high: more than 70 % for the GFDL,
CNRM, MIROC and UKMO models and 60 % for the NCAR
model. This confirms a fairly strong relationship between
both signals at these low frequencies.
In summary, CGCM control runs show results fairly sim-
ilar to what was suggested by the reconstructed and the ob-
served ones. Indeed, the tropical Pacific trends computed
over successive 17-yr windows also show significant low fre-
quency modulations in 6 out of 8 CGCM control runs. In 5
of them, the fluctuations appear to be tightly linked to sig-
nificant ENSO low frequency modulation. Furthermore, 4 of
these models (GFDL, CNRM, NCAR and UKMO) exhibit
almost the same 17-yr spatial trend patterns and they display
common features with the reconstruction and the satellite
altimetry observations.
There are still some discrepancies between the CGCMs
control runs and the reconstruction or the observations. The
spatial trend pattern of the first rotated EOF of the GFDL,
CNRM, NCAR and UKMO control runs differ from the re-
constructed and the observed ones north of 15◦ N (Fig. 3).
The power spectra of the observed NINO3 index and the con-
trol runs NINO3 index (compare Figs. 4c and 7) differ as
well. The observed NINO3 index does not show any signifi-
cant multi-decadal variability at time scales superior to 15 yr
while the NINO3 indices from control runs do. But discrep-
ancies with the observations are not necessarily significant
because the time period covered by the observations is much
shorter than for the control runs. In effect, when trend pat-
terns and power spectra are computed from observations they
are likely dominated by high frequency or random features
that would be smoothed out in the longer control runs. In
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Fig. 7. Power spectra of the box B sea level trends computed over successive 17-yr windows and NINO3 index from the coupled climate
model control runs. Top panels: power spectra of box B 17-yr sea level trends (solid red line). They are shown together with the 17-yr trend
of the best fit AR2 null hypothesis (solid black line) and the 95 % confidence levels(dashed grey line). Middle panels: power spectra of the
NINO3 index (solid blue line), shown together with the best fit AR2 null hypothesis (solid black line) and the 95 % confidence levels(dashed
grey line). Bottom Panels: magnitude squared coherence between the box B 17-yr sea level trends and their respective NINO3 index.
long control runs we expect to see lower frequency features
that would be missed by the shorter observation datasets. We
verified this point in the GFDL control run. We split the 500-
yr GFDL control run into 8 independent 60-yr long samples
(the time length covered by the reconstruction). For each of
these, we computed the first rotated EOF from the 17-yr trend
maps as done for the reconstruction in Sect. 4.1. Among the
8 resulting rotated EOFs, 6 were very similar to the rotated
EOF computed over the whole control run time span (Fig. 5),
while 2 were similar to the observed one (Fig. 3). In Fig. 8
we present one of them: the first rotated EOF computed from
the 4th sample (years 220 to 280) of the GFDL control run.
It explains 49 % of the total variance. To be fully consis-
tent with the observations, Fig. 8 also shows the power spec-
trum of the NINO3 index computed over a 155 yr time pe-
riod, i.e. the time period covered by the NINO3 index (it has
been computed over the years 125–280 of the GFDL control
run). Comparing Figs. 8 and 3, we note that the model strik-
ingly resembles the observations in the 4th sample case. The
spatial pattern of the first rotated EOF is very close to the ob-
served one and the PC follows as well the NINO3 index with
a quasi periodicity between 20–30 yr. The NINO3 index is
also in better agreement with the data when computed over a
155 yr time period: the multi-decadal peak observed in Fig. 7
around 28-yr appears now under the 95 % confidence level as
for the observations (Fig. 4c). This indicates that a 17-yr sea
level trend variability similar to the reconstructed one can be
found among the 60 yr long samples of a control run.
4.2.2 20c3m runs
In this section we consider the CGCMs 20th century runs
(20c3m) to check whether any differences with the control
runs can be found or not. Our approach is to consider that
the best estimation of the internal modes of variability of the
climate system are provided by the control runs and to use
them as references against which we test the 20th century
runs. The choice of the control runs as reference is moti-
vated by the fact that control runs are multi-centennial runs
unperturbed by any changes in the external forcing. Hence,
they provide an estimation of the modes of variability of a
preindustrial, unperturbed, steady climate. The point is to
see whether 20th century runs make any significant differ-
ences with respect to a steady state climate in terms of 17-yr
sea level trends (the null hypotheses here is the assertion that
the 20th century runs are indistinguishable from control runs
in terms of 17-yr sea level trend patterns and variability).
As in the previous analysis, we computed for each CGCM
20c3m run sea level trend maps over successive 17-yr win-
dows and we performed two comparisons with the control
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Fig. 8. First rotated EOF of the set of 17-yr trend maps computed
with the GFDL control run between years 220 and 280. It explains
43 % of the total variance. Top panel: spatial pattern of the EOF
Middle panel: the PC is the black curve. The NINO3 index, filtered
with a 10-yr running mean and detrended, is superimposed in blue.
Bottom panel: NINO3 index power spectrum (in blue) and the best
fit AR2 process in black as the null hypothesis. The grey dashed
lines indicate the 95 % confidence level around the null hypothesis.
runs: one with the 17-yr spatial trend patterns and one with
the 17-yr averaged trend over box B.
For the first comparison, we considered the 17-yr spatial
trend patterns of the rotated EOF of the control runs as the
references. Then we projected the set of 17-yr trend maps
computed from each 20c3m run outputs on these patterns
(each 20c3m run outputs was projected on its respective con-
trol run spatial pattern). The resulting PCs show how the ref-
erence spatial patterns from the control runs fluctuate through
the simulated 20th century climates. Their power spectra are
plotted in Fig. 9. When several 20c3m runs were available
for a given model, each PC was also plotted on the same
graph. We added as well the power spectra of the control
run leading PC (previously presented in Fig. 6). For a con-
sistent comparison with the 20c3m power spectra, they were
computed over subsets of 140 yr (length of the 20c3m runs)
instead of the whole multi-centennial control run. We used a
chunk spectral estimator (see von Storch and Zwiers, 1999)
to compute them. This method consists in dividing the time
series into a number of chunks of equal length and to es-
timate the spectrum by averaging the spectra obtained over
each subset. This allows also estimating the 95 % confidence
level. We added them in Fig. 9. But, note that here, only
very few independent subsets (2 to 4) of 140 yr could be com-
puted out of the 350 or 500 yr long control runs. So the 95 %
confidence level plotted in Fig. 9 can not be considered as
fully reliable but only indicative.
It is interesting to note that in Fig. 9, all CGCM 20c3m
runs show some low frequency modulation of the spa-
tial pattern as in the reconstruction and the control runs.
Among models with complete external forcing (i.e. total an-
thropogenic forcing plus solar and volcanic variability, see
Sect. 3.3 and Table 1), only 1 model (GISS) out of 6 shows
significant differences in the leading PC between its control
run and its 20c3m run. Three models (GFDL, MIROC and
NCAR) show instead differences that are not significant. The
2 models left (CNRM and UKMO) actually show differences
that reach the 95 % confidence level. But these 2 models only
have 350 yr of control run. This enabled us to compute only
2 chunks to deduce the 95 % confidence level which makes
their estimation particularly unreliable. So we assume that,
for these 2 models, the differences are not significant. Con-
cerning the IPSL model, which only takes into account the
anthropogenic forcing (see Sect. 3.3 and Table 1), significant
differences can be seen in the leading PC between the con-
trol run and the 20c3m run. But for the IAP model which
includes anthropogenic forcing and solar variability (but no
volcanic forcing), no significant differences are observed. Fi-
nally there are a majority of models (6 out of 8) which do not
show significant difference in 17-yr sea level trend patterns
between their control run and their 20th century runs. In par-
ticular, 5 out of the 6 models which include complete external
forcing do not show significant differences.
In the second comparison, we considered the 17-yr sea
level trends averaged over box B in the 20c3m runs. Their
power spectra are plotted in Fig. 10 along with the power
spectra of the 17-yr averaged trends in box B computed from
the control runs. The latter power spectra (from the control
runs) were already presented in Fig. 7. Here the same power
spectra were computed but over subsets of 140 yr (length
of the 20c3m runs) instead of the whole multi-centennial
control run in order to be consistent with the 20c3m power
spectra. We used a chunk spectral estimator to do so.
There are too few independent subsets of 140 yr among the
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Fig. 9. Power spectra of the first PC of the set of 17-yr trend maps computed with the coupled climate models. The red curves indicate the
power spectra of the 20c3m runs while the orange curves indicate the power spectra of their respective control runs. The grey dashed lines
indicate the 95 % confidence level computed from the control runs.
Fig. 10. Power spectra of the box B sea level trend computed over successive 17-yr windows and NINO3 index from the coupled climate
models. The red curves indicate the power spectra from the 20c3m runs. The orange curves indicate the power spectra from their respective
control runs and the black curves their respective best fit AR2 process. The grey dashed lines indicate the 95 % confidence level computed
from the control runs best fit AR2 processes.
multi-centennial control runs to get a reliable estimation of
a confidence interval on the control run spectra. So, instead
of using the control run spectra as a reference (null hypothe-
sis), we prefered to use their best fit AR2 process computed
earlier and shown in Fig. 7. This gives more reliable esti-
mations of the confidence intervals. The AR2 process power
spectra and their 95 % confidence level are plotted in Fig. 10.
Among models with complete external forcing, 2 models out
of 6 (CNRM and UKMO) show a significant difference be-
tween the power spectra computed from their control run
and their 20c3m run. 3 models (GFDL, GISS and NCAR)
show both some 20c3m runs that differ significantly from
their control run and some which do not. For each of these 3
models, only one run among all available 20c3m runs shows
significant differences (i.e. 1 out of 4 available for the GFDL
model, 1 out of 8 for the GISS model and 1 out of 2 for
the NCAR model). Finally one model (MIROC) does not
show any significant differences between its 20c3m run and
its control run.
In this comparison, the IPSL (with anthropogenic forc-
ing only) does not show significant differences between its
control run and its 20c3m run, while the IAP model (whose
20c3m run contains greenhouse gas emissions and solar vari-
ability) shows some. Finally, among the 19 20c3m runs
available from our dataset (see Table 1), 13 of them do not
show any significant differences to their respective control
runs (this ratio increases to 12 out of 17 when considering
only 20c3m runs with complete external forcing). Only 6
20c3m runs show some differences. In total, only 5 20c3m
runs show differences if we consider only those with com-
plete external forcing. Nevertheless, it is interesting to note
that for each of these 5 runs, the power spectra reveal that the
17-yr trends fluctuations in the 20c3m runs present a peak at
higher frequency with more variance than in their respective
control run.
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5 Summary and discussion
Previous studies have shown that the sea level trend pattern
observed in the tropical Pacific through 17-yr long precise al-
timetry observations (1993–2009) is largely of thermal origin
(Ishii and Kimoto, 2009; Levitus, 2005; Levitus et al., 2009;
Lombard et al., 2005a, b), the thermosteric sea level trends
being themselves driven by surface wind stress (Carton et
al., 2005; Kohl and Stammer, 2008; Timmermann et al.,
2010). In this region, observed and thermosteric sea level
trends are tightly linked to the ENSO mode of variability
known to occur on a broad range of time scales, from inter-
annual to multi-decadal (Knutson and Manabe, 1998; Lau
and Weng, 1999; Vimont et al., 2002; Vimont, 2005). So
the 17-yr trends observed by satellite altimetry in the tropical
Pacific are expected to fluctuate on these time scales. Nev-
ertheless, only a few studies have suggested that sea level
trends observed prior to the altimetry era changed with time
(Wunsch et al., 2007; Khol and Stammer, 2008). Here we
show that 17-yr sea level trends are un-steady and fluctuated
in the past with a characteristic time scale of around 25 yr
(see Sect. 4.1). On the basis of a past sea level reconstruction
(1950–2009), we find that the tropical Pacific trend patterns
over successive 17-yr windows fluctuate in time and show
some periods during which sea level rise accelerates or de-
celerates (or equivalently, trend patterns display increasing
or decreasing intensity). The trend pattern behaves as a fluc-
tuating east-west dipole following a low frequency modula-
tion of ENSO. The relatively short time span of the 60-yr
long reconstruction makes it difficult to precisely determine
the characteristic time-scales of the pattern fluctuations but
some value around 25 yr is suggested by the observations.
The CGCM control runs with constant, preindustrial ex-
ternal forcing, show fairly similar results. Indeed, 4 out of 8
CGCM control runs (GFDL, CNRM, NCAR, and UKMO)
show significant 17-yr sea level trend fluctuations tightly
linked to significant ENSO low frequency modulations as
well. They display the same 17-yr spatial trend pattern which
differs slightly from the reconstructed one. We have shown
with the GFDL control run that this is probably due to the
different time periods covered by the reconstruction and the
control runs. So, the internal variability of the climate sys-
tem, simulated here by the CGCM control runs, seems to
be well able to explain most of the sea level trend pattern
fluctuations of the tropical Pacific seen in the reconstruction
and observed by altimetry. Note nevertheless that the dif-
ferent control runs do not always agree on the characteristic
periods of these fluctuations. The GFDL and CNRM con-
trol runs exhibit periodicities in the range 25–33 yr close to
what is suggested by the reconstruction. But the NCAR and
MIROC control runs on the one hand and the UKMO on the
other hand show periodicities in the range 18–22 yr and in
the range 50–60 yr, respectively.
The CGCM 20th century runs with external forcing (in-
cluding anthropogenic forcing) show similar sea level trend
behaviours for the tropical Pacific as in the control runs. Ac-
tually, a majority of the 20c3m runs which include a com-
plete external forcing (12 out of 17) do not show any signifi-
cant differences to their respective control run, either in terms
of temporal or spatial structures. Consequently, because the
20c3m and control runs provide similar results, we conclude
that the internal variability of the climate system is still the
dominant contributor to the fluctuations of the observed 17-
yr spatial trend pattern in the tropical Pacific. In effect, our
analysis does not detect any clear signature of external forc-
ing, whether of anthropogenic origin or of natural origin (so-
lar and volcanic variability). In other words, over the short al-
timetry record (17 yr), the amplitude of the noise represented
here by the internal climate variability is so strong in the trop-
ical Pacific that it prevents us from detecting the signal of
anthropogenic forcing on the regional variability of the sea
level trends in this region. These conclusions are also true
when considering windows shorter than 17-yr for both data
and model outputs. For example, using 10-yr and 15-yr-long
windows led to similar results (with the same dominant low
frequency variability of the tropical Pacific trend pattern).
Nevertheless, a minority of 20th century runs (see
Sect. 4.2) seem to suggest that the impact of the external
forcing could be possibly seen in the characteristic frequency
band of the 17-yr trend pattern fluctuations. Several 20th
century runs indeed show higher frequency oscillations for
the 17-yr trend pattern than their respective control run (as
explained earlier). But this remains very unclear. To get
a clearer picture, we would need both more 20th century
runs (to perform statistics on how many runs support this
assertion) and longer runs with external forcing to compute
more accurate power spectra. These runs should be available
within the CMIP5 project. This will be the subject of future
investigations.
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Conclusion et Perspectives
Le 4e`me rapport du GIEC (Solomon et al. [2007]) identifie la monte´e du niveau de la
mer comme l’une des conse´quences majeures du changement climatique. En particulier
le groupe de travail n˚ 2 du GIEC, qui a e´value´ les impacts du re´chauffement climatique
(Parry et al. [2007]), estime que l’e´le´vation du niveau de la mer aura des conse´quences
ne´fastes importantes au cours du XXIe`me sie`cle sur les plans humains, socio-e´conomiques
et environnementaux. Ces conclusions s’appuient sur les simulations des mode`les de climat,
re´alise´es dans le cadre du projet CMIP3, pour le 4e`me rapport du GIEC, avec diffe´rents
scenarii d’e´missions de gaz a` effet de serre. Ces simulations pre´disent en 2100 que le niveau
de la mer global sera plus e´leve´ de 10 a` 60 cm en moyenne avec une valeur me´diane
de 40 cm. C’est le re´chauffement oce´anique qui domine cette augmentation d’apre`s les
mode`les, tandis que la fonte des glaciers continentaux est le deuxie`me contributeur. Ces
projections indiquent aussi une variabilite´ re´gionale du niveau de la mer plus forte en
2100 qu’aujourd’hui et domine´e largement par le signal ste´rique. Depuis le 4e`me rapport du
GIEC, l’augmentation du niveau de la mer a e´te´ revue a` la hausse du fait de la prise en
compte de l’acce´le´ration de l’e´coulement de la glace vers l’oce´an dans les zones coˆtie`res des
calottes polaires. Aujourd’hui, dans la litte´rature re´cente le niveau de la mer global en 2100
est estime´ entre 30 et 80 cm au dessus du niveau actuel. La variabilite´ re´gionale a elle aussi
e´te´ re´cemment revue a` la hausse du fait de la prise en compte de la re´ponse visco-e´lastique
de la crouˆte terrestre a` la fonte des glaces continentales (Slangen et al. [2011, in revision]).
Malgre´ ces re´centes mises a` jour, les incertitudes des projections demeurent tre`s grandes
(±25cm pour le niveau global et des diffe´rences fortes dans les variabilite´s re´gionales en-
tre les diffe´rents mode`les de climat). Une part de ces incertitudes est lie´e a` la mauvaise
estimation de l’activite´ anthropique future (futures e´missions anthropiques de gaz a` effet
de serre et d’ae´rosols et occupation future des sols). Mais une autre part d’incertitude
substantielle est lie´e a` l’incapacite´ actuelle des mode`les climatiques a` mode´liser de manie`re
re´aliste les diffe´rents facteurs responsables de la hausse du niveau des mers (re´chauffement
des oce´ans, fonte des calottes polaires et e´changes d’eau avec les re´servoirs continentaux).
En ce qui concerne le niveau de la mer global, les incertitudes viennent en majeure partie
de la mauvaise connaissance des processus a` l’origine de l’acce´le´ration de la perte de glace
des calottes polaires. En ce qui concerne la variabilite´ re´gionale en revanche, l’origine des
incertitudes n’est pas claire. Les diffe´rents mode`les de climat reproduisent une variabilite´
re´gionale du niveau de la mer ste´rique dans le futur et sur les dernie`res de´cennies qui est
significativement diffe´rente d’un mode`le a` l’autre, surtout aux moyennes et hautes lati-
tudes. A ces latitudes en particulier, le signal des eaux profondes et abyssales est plus fort
et les mode`les climatiques n’ont en ge´ne´ral pas une bonne repre´sentation de ces eaux et de
leur signature ste´rique (de´rive des mode`les dans les couches profondes). De plus, la con-
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tribution provenant de la re´ponse visco-e´lastique de la crouˆte terrestre de´pend fortement
de l’amplitude de la fonte des glaces et de sa localisation : elle est donc tre`s incertaine,
elle aussi. Enfin, en ge´ne´ral, les mode`les de climat simulent tre`s mal les e´changes d’eau
entre les re´servoirs continentaux et l’oce´an. En re´sume´, les projections de la variabilite´
re´gionale du niveau de la mer sont particulie`rement incertaines car elle paˆtissent de la
mauvaise connaissance des e´chelles spatio-temporelles qui la caracte´rise et des processus
qui la gouvernent.
Pourtant au cours de cette the`se nous avons mis en e´vidence l’importance de la vari-
abilite´ re´gionale du niveau de la mer par une meilleure estimation de son signal depuis
1950. Or ces re´sultats montrent que c’est elle qui domine le signal de monte´e du niveau
de la mer dans la plupart des re´gions du globe aux e´chelles inter-annuelles (comme nous
avons vu avec l’altime´trie) a` multi-de´cennales (comme nous avons vu avec les reconstruc-
tion 2D du niveau de la mer). Ceci montre que si l’on veut pouvoir estimer les impacts lie´s
a` la monte´e du niveau de la mer en 2100, il est crucial de mieux estimer, comprendre et
mode´liser la variabilite´ re´gionale du niveau de la mer. Un autre re´sultat majeur de cette
the`se montre que meˆme si le signal ste´rique explique plus de 70% de la variabilite´ re´gionale
du niveau de la mer, le signal de masse dans l’oce´an ne peut eˆtre ne´glige´ localement. De
manie`re re´gionale dans l’espace (a` l’e´chelle des demi-bassins oce´aniques par exemple) ou
de manie`re ponctuelle dans le temps (au cours des e´ve`nements El Nin˜o par exemple) le
signal de masse peut dominer le signal ste´rique et expliquer la variabilite´ du niveau de la
mer. Ce re´sultat est inattendu et re´ve`le en particulier l’existence de processus de redistri-
bution de masse a` la surface de la Terre entre re´gions e´loigne´es qui sont aujourd’hui encore
inexplique´s et mal observe´s.
Par ailleurs, nous avons analyse´ dans cette the`se, les facteurs qui sont a` l’origine des
variations du niveau de la mer. En re´sumant les e´tudes portant sur les contributions au
niveau de la mer global, nous avons e´te´ en mesure de montrer que les e´missions anthropiques
de gaz a` effet de serre et d’ae´rosols sont en cause dans au moins 65% de l’augmentation
du niveau de la mer global depuis 1972. Nous avons aussi analyse´ les origines de la vari-
abilite´ re´gionale du niveau de la mer. Pour cela nous avons de´veloppe´ la premie`re e´tude
de de´tection et attribution de la variabilite´ re´gionale du niveau de la mer et nous l’avons
applique´ au Pacifique tropical. Nous avons montre´ que la variabilite´ re´gionale tre`s forte
qui caracte´rise l’Ouest du Pacifique depuis 17 ans n’est pas permanente. Elle est en fait la
manifestation d’une basse fre´quence de la variabilite´ interne du syste`me climatique dont
l’amplitude est si forte qu’il est difficile aujourd’hui d’y de´tecter un impact e´ventuel de l’ac-
tivite´ anthropique. Ainsi ce re´sultat, confirme´ par une e´tude tre`s re´cente avec des mode`les
oce´aniques, permet de remettre dans un contexte plus large de fluctuation basse fre´quence,
la hausse extreˆme du niveau de la mer observe´e dans l’Ouest du Pacifique par les satellites.
Cependant de nombreuses autres re´gions sensibles aussi a` la hausse locale du niveau de la
mer restent a` analyser.
L’ensemble de ces re´sultats apparaˆıtront dans le 5e`me rapport du GIEC qui doit eˆtre
rendu public en 2013.
Outre les e´le´ments de re´ponse apporte´s aux questions scientifiques pose´es dans la section
1.5, ces re´sultats ont souleve´ de nombreuses questions nouvelles. Parmi celles-ci j’en ai
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selectionne´ 3 qui me paraissent centrales et que je compte e´tudier tout de suite apre`s cette
the`se.
Concernant l’estimation de la variabilite´ re´gionale du niveau de la mer :
La reconstruction en 2D du niveau de la mer que nous avons propose´e donne des
re´sultats a` mi-chemin entre les reconstructions plus anciennes qui ne s’appuyaient que sur
une courte pe´riode d’altime´trie (8 ans) et les re´analyses d’oce´an. Ceci pose la question de la
validite´ des reconstructions et des re´analyses en terme de variabilite´ re´gionale reconstruite.
Pour re´pondre a` ce point il faut (1) continuer de collecter, analyser et corriger les donne´es
mare´graphiques afin d’avoir des points de comparaisons pour valider les reconstructions ;
(2) comparer de manie`re syste´matique les mode`les d’oce´an, les re´analyses et les recon-
structions, pas seulement en tendances mais aussi en variabilite´ spatio-temporelle (EOF
par exemple) afin de de´tecter et corriger les de´fauts de chaque me´thode dans l’estimation
de la variabilite´ re´gionale ; (3) de´velopper une reconstruction moyenne (sur l’exemple des
mode`les climatiques) qui s’appuie sur un grand nombre de mode`les et sur la plus longue
pe´riode d’altime´trie disponible afin de maximiser le signal physique qui fait consensus parmi
les mode`les et l’altime´trie et ainsi obtenir la meilleur estimation possible de la variabilite´
re´gionale passe´e (4) continuer de de´velopper des reconstructions locales pour les re´gions
qui ne sont pas ou sont mal couvertes par la reconstruction globale.
Concernant les causes de la variabilite´ re´gionale :
Les re´sultats sur le signal de masse observe´ par GRACE dans les bassins Pacifique et
Atlantique ou observe´ par la diffe´rence ”Altime´trie moins Ste´rique” lors des e´ve`nements
El Nin˜o, ont mis en e´vidence l’existence de transferts de masse conside´rables a` la surface
de la Terre entre des re´gions extreˆmement e´loigne´es. Malgre´ leur amplitude ces transferts
de masse n’ont pas e´te´ identifie´s auparavant ni e´tudie´s. Nous proposons de les analyser
en utilisant de manie`re combine´e toutes les donne´es ge´ophysiques a` notre disposition qui
peuvent apporter une mesure ou une contrainte sur ces transferts de masse. Ceci comprend
bien suˆr les donne´es qui permettent les mesures de variations de masse de l’oce´an, comme
les donne´es altime´triques de Topex/Jason1-2 combine´e avec les donne´es hydrographiques
des sondes XBT, CTD et des profileurs Argo, ou les donne´es GRACE corrige´es du GIA
qui donnent aussi les variations de masse des stocks d’eau continentaux et des glaces
continentales. Il y a aussi d’autres jeux de donne´es plus globaux qui peuvent apporter
des contraintes sur les transferts de masse : ce sont toutes les mesures lie´es a` la matrice
d’inertie de la Terre et a` ses fluctuations. Parmi ces mesures on trouve la longueur du
jour ou la de´rive de l’axe des poˆles, mesure´s depuis longtemps par observation des astres.
Il y a aussi les mesures des premie`res harmoniques du champ de gravite´ terrestre par les
satellites LAGEOS1-2 et Starlette depuis le milieu des anne´es 1970. Enfin nous pouvons
aussi utiliser les mesures GPS, les mode`les de GIA et les mesures GRACE de la re´ponse de
la crouˆte terrestre a` la fonte actuelle de la glace pour estimer les mouvements de la crouˆte
terrestre et le transfert de masse qu’ils impliquent.
L’ensemble de ces donne´es fournit un re´seau d’information sur les transfert de masse
dans l’enveloppe fluide de la Terre. Pris individuellement ou en combinant deux a` trois jeux
de donne´es nous devrions obtenir des informations pre´cises sur les variations de masse des
diffe´rentes composantes de l’enveloppe fluide : l’oce´an, les bassins fluviaux, la cryosphe`re, la
crouˆte etc.. (des e´tudes de ce type ont de´ja` e´te´ accomplies dans cette the`se). Pris dans son
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ensemble, le re´seau complet devrait aussi fournir une synthe`se extreˆmement inte´ressante
du comportement de l’enveloppe fluide de la Terre aux e´chelles inter-annuelles a` multi-
de´cennales. Dans ce re´seau, la plus grande inconnue est sans doute le mouvement de la
crouˆte lie´ en particulier au GIA. Conside´re´ sous la forme d’un proble`me inverse, le re´seau
complet d’information pourrait apporter aussi de nouvelles contraintes pour mieux estimer
ce phe´nome`ne.
Nous avons commence´ a` aborder l’analyse globale de ce re´seau d’information. Aux
e´chelles inter-annuelles a` de´cennales (de 1993 a` 2011), les premiers coefficients des har-
moniques sphe´riques du ge´o¨ıde la Terre, (C20, C21, S21, C22, S22) mesure´s par LAGEOS1-
2 pre´sentent des variations significatives quand on les corrige de la de´rive lie´e au GIA. Ces
variations sont confirme´es par les mesures de la longueur du jour. En faisant un bilan des
transferts de masse oce´anique avec l’altime´trie et les donne´es hydrographiques d’une part
et des transferts de masse continentaux avec GRACE et les mode`les hydrologiques d’autre
part et en projetant ce bilan sur les 3 premie`res harmoniques sphe´riques, nous parvenons
a` expliquer pre´cisement les variations inter-annuelles observe´es dans les coefficients C20,
C21, S21, C22, S22 depuis 1993. Il reste a` affiner le bilan, et a` tester plusieurs mode`les
de GIA, mais ces premiers re´sultats sont extreˆmement prometteurs. Ils pourraient ouvrir
une nouvelle approche plus globale dans l’analyse des changements climatiques a` partir des
observations.
Les re´sultats de cette the`se, une fois rassemble´s, ont aussi souleve´ un proble`me con-
cernant la variabilite´ re´gionale du niveau de la mer. Jusqu’ici, les diffe´rentes analyses de
la variabilite´ re´gionale du niveau de la mer ont e´te´ faites avec les mesures altime´triques,
hydrographiques (Argo en particulier) et les mesures de GRACE. Les mesures des satel-
lites altime´triques et de GRACE sont impacte´es par les effets quasi-statiques lie´s aux
mouvement de la crouˆte terrestre, comme on l’a vu a` la section 1.3.3. Or, lorsque l’on
compare ces diffe´rents jeux de donne´es (pour l’estimation des variations re´gionales de la
masse de l’oce´an par exemple), ils ne sont, en ge´ne´ral, pas totalement corrige´s des ef-
fets quasi-statiques. Par exemple, dans la litte´rature, les mesures altime´triques ne sont
jamais corrige´es re´gionalement de l’effet quasi-statique du GIA (i.e. du signal de la Fig.
1.20a) ou de la fonte actuelle des glaces. De meˆme, les donne´es GRACE ne sont jamais cor-
rige´es re´gionalement de l’effet quasi-statique de la fonte actuelle des glaces (la mode´lisation
re´gionale de cet effet sur les mesures altime´triques ou sur les mesures GRACE n’a, en
fait, pas encore e´te´ publie´e dans la litte´rature). On s’attend a` ce que ces effets soient pe-
tits. Cependant, avec le rythme de la fonte actuelle des calottes polaires et des glaciers
de montagne, ceci reste a` ve´rifier. Si ces effets sont moins petits qu’attendus, peut eˆtre
pourront-ils eˆtre de´tecte´s graˆce a` la pre´cision de plus en plus grande que l’on obtient dans
la mesure du niveau de la mer non-ste´rique avec Argo ? Peut eˆtre expliqueront-ils aussi,
les diffe´rences que l’on obtient entre les mesures GRACE de la masse de l’oce´an et les
mesures ”Altime´trie moins Argo” du niveau de la mer non-ste´rique. Pour re´pondre a` cette
proble´matique, nous identifions 3 axes de travail : 1) ame´liorer le rapport signal sur bruit
de GRACE sur l’oce´an, afin d’obtenir un meilleur signal de masse de l’oce´an car GRACE
reste une source importante d’erreurs (voir section 2.1.2) ; 2) estimer, avec nos colle`gues
qui mode´lisent les re´ponses visco-e´lastiques de la crouˆte terrestre, les impacts re´gionaux
du GIA et de la fonte actuelle des glaces sur tous les instruments de mesure du niveau
de la mer (Altime´trie, mare´graphes), et de la masse de l’oce´an (GRACE, LAGEOS1-2,
starlette etc) ; 3) e´tablir une re´fe´rence ge´ode´sique pour la comparaison des donne´es entre
270
Conclusion et Perspectives
l’altime´trie et GRACE : aujourd’hui les 20 ans d’anomalies du niveau de la mer mesure´es
par altime´trie sont calcule´es par rapport a` un ge´o¨ıde estime´ entre 1993 et 1997 et conside´re´
comme stationnaire, or ce ge´o¨ıde n’est certainement pas stationnaire du fait de la fonte des
glaces actuelle et de plus, il est diffe´rent de celui utilise´ par GRACE (EIGEN-GRGS.RL02
pour la solution GRACE du GRGS par exemple). Ceci est probablement a` recalculer pour
e´tablir des comparaisons entre syste`mes de mesures par rapport a` une meˆme re´fe´rence.
Concernant l’origine naturelle ou anthropique de la variabilite´ re´gionale :
En ce qui concerne le niveau de la mer global, le roˆle des e´missions anthropiques de gaz
a` effet de serre sur sa variabilite´ est de´ja` ave´re´ a` travers son impact sur les contributeurs au
niveau de la mer. Il sera cependant inte´ressant de ve´rifier que l’on peut de´tecter et attribuer
de manie`re directe ce roˆle. Ceci permettra (1) d’e´valuer la capacite´ des mode`les climatiques
a` reproduire le niveau de la mer du XXe`me sie`cle et (2) de quantifier pre´cisement le roˆle
joue´ par les gaz a` effet de serre . Ceci pourrait aussi permettre d’e´valuer en retour, le roˆle
des gaz a` effet de serre dans la fonte des calottes polaires par bilan du niveau de la mer.
En ce qui concerne la variabilite´ re´gionale du niveau de la mer, de nombreuses ques-
tions restent en suspens. Nous avons montre´ dans le Pacifique tropical que la variabilite´
re´gionale des 17 dernie`res anne´es ne pouvait eˆtre attribue´e a` l’activite´ anthropique. (1)
Mais sur des pe´riodes plus longues de 60 ans, comme dans la reconstruction, ne peut
on pas espe´rer de´tecter l’impact anthropique ? (2) Peut eˆtre peut-on l’identifier dans des
re´gions caracte´rise´es par une variabilite´ interne du syste`me climatique moins forte comme
le Nord de l’Atlantique ou l’oce´an Arctique. (3) Quelle forme prendrait cet impact ? Nous
comptons dans un premier temps identifier la signature des gaz a` effet de serre sur la
variabilite´ re´gionale du niveau de la mer en analysant les simulations CMIP5 (pour le
5e`me rapport du GIEC) qui utilisent un forc¸age extreˆme en gaz a` effet de serre (sce´nario
d’e´mission RCP8.5). Par la suite, nous e´valuerons si cette signature est pre´sente de manie`re
significative dans la variabilite´ re´gionale du niveau de la mer des dernie`res de´cennies. Cette
e´tude doit se faire re´gion par re´gion en s’appuyant sur les reconstructions 2D du niveau
de la mer les plus fiables. Le fait que certains mode`les climatiques aient de´ja` montre´ qu’ils
reproduisaient dans le Pacifique tropical une part de la variabilite´ re´gionale du niveau de
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Abstract
This study presents the results of Calibration/Validation (C/V) of Envisat satellite radar altimeter 
over Lake Issykkul located in Kyrgyzstan, which was chosen as a dedicated radar altimetry C/V 
site in 2004. The objectives are to estimate the absolute altimeter bias of Envisat and its orbit 
based on cross-over analysis with TOPEX / Poseidon (T/P), Jason-1 and Jason-2 over the ocean. 
We have used a new method of GPS data processing in a kinematic mode, developed at the 
Groupe de Recherche de Geodesie Spatiale (GRGS), which allows us to calculate the position of 
the GPS antenna without needing a GPS reference station.  The C/V is conducted using various 
equipments: a local GPS network, a moving GPS antenna along the satellites tracks over Lake 
Issykkul, In Situ level gauges and weather stations. The absolute bias obtained for Envisat from 
field campaigns conducted in 2009 and 2010 is between 62.1 and 63.4 +/- 3.7 cm, using the Ice-1
retracking algorithm, and between 46.9 and 51.2 cm with the ocean retracking algorithm. These 
results differ by about 10 cm from previous studies, principally due to improvement of the C/V 
procedure. Apart from the new algorithm for GPS data processing and the orbit error reduction,
more attention has been paid to the GPS antenna height calculation, and we have reduced the 
errors induced by seiche over Lake Issykkul. This has been assured using cruise data along the 
Envisat satellite track at the exact date of the pass of the satellite for the two campaigns. The 
calculation of the Envisat radar altimeter bias with respect to the GPS levelling is essential to 
allow the continuity of multi-mission data on the same orbit, with the expected launch of 
SARAL/Altika mission in 2012. Implications for hydrology in particular, will be to produce long 
term homogeneous and reliable time series of lake levels worldwide.  
Keywords: Absolute altimeter calibration; Envisat; GPS; Cross-over analysis; Geophysical
corrections; Lake Issykkul 
21. Introduction
1.1 C/V of radar altimeters: objectives
Radar altimetry has been used for ocean sea level 
estimation for a few decades, with high precision 
(~3 cm; Lambin et al. 2010) since the launch of 
T/P in 1992. However, linking time series from 
different missions requires accurate monitoring of 
the biases and drifts for each parameter 
contributing to the final estimate of the water 
surface height. Over the last 15 years, several 
groups have developed C/V sites to measure the 
absolute altimeter bias of each satellite. Such 
calibration activities have been performed in the 
framework of “post launch” calibration purposes 
in order to quantify system performances for each 
mission, and have been repeated at different sites
worldwide. Repeat C/V campaigns have been 
performed at Harvest platform in California 
(Haines et al. 2003. 2010.); Corsica site -Cape 
Senetosa and Aspretto- (Bonnefond et al. 2003, 
2010, Jan et al. 2004); Gavdos Island (Pavlis et al.
2004, Mertikas et al. 2010); Ibiza (Martinez-
Benjamin et al. 20001, 2004) in the 
Mediterranean; and Bass Strait in Australia 
(Watson et al. 2004, 2011). This different sites
have allowed us to detect biases and drifts due to 
data processing errors.
Calibration of radar altimeters is based on the 
principle of estimating a Sea Surface Height 
(SSH) at some comparison point using 
independent data, including tide gauges, GPS 
surveys, moorings or gravity/levelling profiles. 
GPS buoys are often deployed to determine the 
absolute datum of the SSH gauge (Watson et al.
2004) or the geoid slope (Bonnefond et al. 2003).
While many articles have been dedicated to the 
computation of the absolute bias of T/P, Jason-1
and Jason-2 missions, much less effort has been 
applied to the Envisat mission. An absolute bias of 
47.6 cm for this satellite has been obtained by 
Faugere et al. (2006), and between 46.9 and 51.2 
cm in Crétaux et al. (2009) with the ocean
retracking algorithm.
1 Martinez-Bejamin, J., Martinez-Garcia, M., 
Garate, J., et al. The T/P CATALA altimeter 
calibration campaign, presented at the Spring 
AGU meeting, 2000.
1.2 Specificities of C/V over lakes
Although it has been designed for ocean 
applications, radar altimetry is also widely used in 
hydrology by several groups in the world for a 
wide range of applications: survey of lakes, rivers 
and floodplains (Birkett, 1995, Calmant et al.
2008, Crétaux and Birket 2006, Berry et al. 2007, 
Birkinshaw et al. 2010, Ricko et al. 2011).
However over continental waters, this technique is 
limited by several factors.
First of all, the onboard retrackers were designed 
for ocean surfaces, hence the radar echo 
waveform is not always processed correctly and 
may provide erroneous range measurements. 
Moreover, rapidly varying topography or complex 
terrain may inhibit the retrieval of the correct 
elevation data. This leads the user community to 
develop new algorithms (namely “retracking”) to 
better fit these complex waveform echoes. 
Relative range biases between various retracking 
have been computed in Crétaux et al. (2009), and 
Crétaux et al. (2011). Other limitation comes from
the corrections of range measurements due to the 
radar propagation in the atmosphere. Several 
effects have been highlighted in our previous 
studies based on Lake Issykkul, but also in Birkett 
and Beckley, (2010).
Indeed, there is clear evidence that the calibration 
of satellite altimetry over the ocean does not apply 
to inland seas (e.g., corrections, retracking, 
geographical effects). (Shum et al. 2003, Cheng et 
al. 2010, and Crétaux et al. 2009, 2011) pointed 
out that the number and variety of C/V sites for 
altimetry have to be increased in order to have 
more global distribution and more robust 
assessment of the altimetry system over different 
water surface, e.g., inland water bodies. This 
allows us to verify whether specific hydrological 
conditions would lead to a different estimation of
the absolute bias of the instruments. 
Moreover, C/V over lakes surfaces has interesting 
characteristics with respect to ocean surface. The 
surface of the reflecting water body is little 
affected by tide effects, wind waves are reduced,
the surface dynamic variability is small and the 
Sea State Bias (SSB) which is one source of errors 
in C/V over ocean (Shum et al. 2003, Gaspar et al.
2002) is very negligible over lakes (Shum et al.
32003, Crétaux et al. 2011). Finally, for some big 
lakes, like Lake Issykkul, it is also possible to 
perform multi mission C/V on a same site 
(Crétaux et al. 2009).
The comparison of altimeter biases of T/P, Jason-
1, and Jason-2, obtained over lakes and over 
ocean sites, shows an agreement at better than 2 
cm (Cheng et al. 2010, Crétaux et al. 2011) which 
indicates that lakes can be relevant sites for future 
multi mission C/V.
1.3 A new estimation of Envisat absolute 
altimeter bias: for which reason?
Crétaux et al. (2009), have doperformedne a first 
calculation of theEnvisat altimeter bias over Lake 
Issykkul. This was based on two field campaigns 
(in 2004 and 2005). This first study highlighted 
some errors in the geophysical corrections 
(ionospheric, tropospheric and SSB). The GPS 
data were processed using the GINS software for 
the static GPS stations, and from the Total 
Trimble Control software for the mobile GPS. The 
calculation was done using all existing passes of 
Envisat tracks over Lake Issykkul from cycles 10
to 38 and using the historical In Situ measurement 
of a tide gauge located on the north coast of the 
lake (Cholpon Ata).
This initial study was one of the first to calculate 
the Envisat altimeter bias over a hydrological 
surface; the main C/V experiments have been 
focused on T/P, Jason-1 and Jason-2 satellites. 
The results obtained in Crétaux et al. (2009), for 
Envisat absolute bias, were affected by several 
limitations in the calculation. In the following 
years we have carried out new field campaigns on 
Lake Issykkul trying to improve the results of the 
first C/V experiments. This was done in the 
framework of the C/V of Jason-1 and Jason-2
after the launch of Jason-2 in 2008. Four field 
campaigns have therefore been conducted, in 
2008, 2009 and 2010. The procedure of 
calculation of altimeter biases has been drastically 
changed to take into account the limitations that 
were pointed out in the first article. Firstly we 
have used In Situ and pressure data from a 
weather station on the vessel and on the ground to 
avoid high errors in the Dry Tropospheric 
Corrections (DTC) that were observed in 2004 
and 2005. The error budget has been reduced by 3 
to 4, and currently the DTC over the lake is
estimated with an accuracy of about 0.5 cm
(Crétaux et al. 2011). Another effect of wind on 
Lake Issykkul is the so-called seiche effect. It
corresponds to an oscillation of the lake which 
may reach several centimeters (Crétaux et al. 
2011), and which is not precisely detected by 
historical tide gauges on Lake Issykkul. If a seiche 
occurrs at the time when the satellite is measuring 
the lake level, this could not be taken into account 
in the estimation of altimeter bias, as we were 
obliged to use historical In Situ data to correct the 
altimetry data for lake level changes. In Crétaux et
al. (2011), we have decided to navigate along the 
altimetry track at the exact date when the satellite 
is passing over the lake. The reason was to cancel 
potential errors due to seiches and the need to use 
In Situ water height to correct for altimetry data. 
We thus consider that the lake surface deduced 
from GPS measurements was exactly the same as
those measured by the altimeter. Another problem 
was inferred from the SSB. This electromagnetic 
effect, which is correlated to wave height and 
wind in the open ocean (Gaspar et al. 2002), is not 
calibrated correctly for low values of these two 
parameters. Our field campaigns were made when 
the weather conditions were very calm, which also 
eliminated potential errors due to SSB. No SSB 
correction was applied to the altimeter range, as 
theorically, for very small wind and waves it has 
zero value. By chance, during our different field 
campaigns the weather conditions were favorable. 
Obviously this led us to consider only one or two 
altimetry cycles for the absolute bias computation, 
since we could not cover all satellite tracks in a 
RDV mode2 during each campaign and we 
therefore had to select some track preferentially to 
others. This led us to publish in Crétaux et al.
(2011), new values of the altimeter biases for
Jason-1 and Jason-2. Other four reasons have led 
us to propose this new study on Envisat.
1. We have developed at GRGS a new mode of 
GPS Precise Point Positioning (PPP) from the 
GINS software (see section 5, Loyer et al. 2012).
The derived accuracy of water level of Lake 
Issykkul from the GPS survey is expected to be 
more accurate than that in the first studies 
(Crétaux et al. 2009, 2011) from the TTC 
software.
2 In the following we will call «RDV mode» the 
time of the pass of the satellite during the cruise
42. In contrast to T/P and Jason satellites, the 
Envisat mission is much less used in ocean 
science, particularly for the computation of the 
Global Sea Level (GSL). One of the main reasons 
is that the early orbits of Envisat were not precise 
enough to fulfill the accuracy requirements of 
GSL estimation. However, improvements have 
been recently realized in the framework of Envisat 
reprocessing and the precision now meets the 
Jason GDR-C standards. In the near future, new 
sets of orbits in the GDR-D standards will 
probably allow us to reconcile Jason & Envisat 
Global Sea Level trends. However, since these 
new orbits are not available for all users, we have 
calculated corrections of the vertical coordinates 
of the Envisat satellite, based on an inverse 
method applied to the ocean cross over points 
between the high accurate Jason1, Jason-2 and 
T/P and Envisat satellites (see section 6). Orbit 
corrections are a few centimeters, and 
consequently we have benefited from an improved 
orbit in the computation of the altimeter bias of 
this satellite with respect to the previous 
estimation. This study is also a first attempt to 
validate the Envisat orbit error estimation method,
which could be used in the future for GSL 
estimation with much higher precision. Orbit 
correction on the orbit will also have impacts on
lake level determination from Envisat, although 
the need in precision is less important than for 
GSL. Further validation must be done but the use 
of Lake Issykkul is a first positive step.
3. In 2012, the CNES and ISRO (Indian Space 
Research Organization) will launch a new 
satellite, which will carry an altimeter onboard. 
This is the SARAL/Altika mission, which will 
have the specificity of using a Ka band altimeter 
instead of a Ku band (with a lot of expected 
improvements for Hydrology that will not be 
detail here). It will also be placed on the same 
orbit as Envisat. Since the end of 2010, the 
Envisat satellite was no longer in an exactly 
repeating orbit, and the data definitively stopped 
in May 2012, so we will have a gap of about one 
year and half until the SARAL/Altika data are 
available. In order to benefit from long term time 
series for lakes and rivers water level (starting in 
2002 thanks to Envisat), it is therefore necessary 
to estimate very accurately the absolute bias of 
each of these satellites with respect to In Situ 
observations to compute relative bias, as it is 
usually done with the T/P, Jason series of 
satellites. 
4. The last reason is that with the improved data 
processing and field experiment’s procedures 
(applied for Jason-1 and Jason-2 in Crétaux et al.
(2011) but not for Envisat), we wish to enhance 
the role of Lake Issykkul as an operational C/V 
site in a multi mission perspective.
In the following section we will describe Lake 
Issykkul C/V site and the reason why we think 
this is well suited for calculating absolute 
altimeter biases (Section 2). In section 3 we will 
describe the main characteristics of the field 
campaigns made over Lake Issykkul and the 
principle of C/V over this lake. Section 4 is 
dedicated to altimetry error budget assessment for 
Lake Issykkul during the field experiment. Section 
5 describes the GINS software application to GPS 
data and specifically the new PPP mode. We will
then in section 6 describe the method of 
improving the Envisat orbit from cross over point 
analysis between T/P, Jason1, Jason-2 and Envisat
over the ocean, and the projection of corrected 
orbit over Lake Issykkul. Section 7 is dedicated to 
the main results obtained for Envisat absolute bias 
from two campaigns, in September 2009 and 
2010. We will conclude this manuscript in section 
8.
2. Lake Issykkul: a C/V site for altimetry
Lake Issykkul (42°10’–42°40’ North, 76–78°
East, Republic of Kyrgyzstan) has been selected 
to determine altimeter biases because it fulfils key 
criteria for scientific, technical and logistical 
reasons.
-The first criteria is given by the size of the Lake: 
ranked 25th by the Global Lake and Wetland 
Database (total area of ~6000 km2), its water 
height can be measured by all past and current 
altimeters in orbit: T/P, Jason-1/2, Envisat,
Geosat, Icesat, and the future mission such as 
SARAL/Altika, Jason-3, Sentinel-3, Jason-CS, 
and SWOT. This is an advantage in the 
perspective of multi-satellite cross calibration, and 
it gives at one unique site the opportunity to 
calibrate and validate the range measurements and 
different associated corrections for each mission. 
5Fig. 6: Lake Issykkul from landsat satellite image. Altimetry tracks, position of the tide gauges,2008 to 2010’s  cruises 
and other instrumentation.
-This lake also provides a complementary C/V 
site, which is now included in the “pool” of C/V 
sites classically used for the T/P and Jason 
satellites that are all localized in the ocean. It is 
therefore in a different geophysical environment, 
far from all oceans, in a mountainous region 
(altitude of the lake is ~1600 m a.s.l) allowing us 
to test the altimeter performances for hydrology.
In particular it has allowed us to investigate
different geophysical corrections. Previous results 
published with Lake Issykkul data have already 
shown that this lake is also pertinent for 
“classical” estimation of altimeter biases with 
results that differ from ocean C/V site results 
(Crétaux et al. 2009). Discrepancies, especially for 
Jason-1, have been widely discussed in Crétaux et
al. (2011), Shum et al. (2003) and Cheng et al. 
(2010) (composed to similar studies and results 
over Lake Erie in USA). This has clearly 
reinforced the need to extend the type and location 
of C/V sites for satellite radar altimeters.
The second main reason why Lake Issykkul is 
well suitable for C/V of altimeters lies in the 
question of the weather and hydrological
conditions at this Lake. In contrast to oceans, such 
a lake is not affected by tides: it has been shown 
that generally lake tides are in the range of a few 
millimetres: (Birkett et al. 2010, Crétaux et al.
2011). There is also no need to apply the inverse 
barometer correction to the data since the size of 
the lake is too small to be influenced by pressure 
differential effects (Crétaux et al. 2009) and the 
most interesting characteristic is that SSB is 
negligible and thus not even taken into account 
(Crétaux et al. 2009, 2011). It consequently 
diminishes the source of error in the estimation of 
altimeter bias.
A last condition, which is fulfilled with Lake 
Issykkul, is the availability of In Situ
infrastructure and the possibility to carry out GPS 
measurements on the lake itself along the 
altimetry track. For the DTC correction for 
example we use a weather station which provides 
atmospheric pressure twice a day and which has 
been proven to be accurate enough to determine 
an independent DTC correction for the altimetry 
measurement (Crétaux et al. 2011). We also 
benefit from a long cooperation between Legos 
and Institute of Water Problem and Hydropower 
(IWPH) of Kyrgyzstan who provide ground
6Fig. 1: Variation of water height at the Cholpon Ata site (north shore of the Lake) measured by a bottom pressure 
gauge (named Orpheus) and by a historical limnigraph.
facilities such as In Situ water level data, as well 
as two long vessels (namely “Multur” and 
“Storm” fully equipped for scientific field work) 
which allow us to navigate for many consecutive 
days on the Lake. Weather station data and all 
administrative authorizations to perform our own 
In Situ measurements and install permanent 
instruments are also an advantage.
In the perspective of using Lake Issykkul as an 
operational C/V site for all altimetry missions, we 
also have installed several instruments around the 
lake: a permanent GPS receiver (10 km South to 
the Lake) since July 2008, a weather station and a 
level gauge on the South East bank of the lake, 
that provide atmospheric pressure, air temperature 
and humidity, and water level every 5 minutes
since September 2010, and a pressure probe 
installed in September 2010 in Cholpon Ata close 
to the historical tide gauge in order to estimate the 
accuracy of the In Situ water level record (Figure 
6). Two level gauges installed in September 2010 
on opposite sides of the lake will also help to 
better characterize the seiche effect on the lake, 
which was one of the main sources of error in our 
first study (Crétaux et al. 2009). These new 
gauges will also allow a more accurate estimate of 
the altimetry biases over this lake compared to the 
historical gauge because of a higher time sampling 
of the measurements.
3. C/V procedure over Lake Issykkul
Regarding the principal objective of the 
experiment, which is to estimate the altimeter 
absolute bias, we have developed a strategy of 
field measurements based on GPS surveys of the 
lake surface along the altimetry track for each 
targeted satellite (Envisat in this study). The 
principle is to install one or two GPS antennas on 
the top of a Vessel, and to navigate along the 
track, with one condition, which is to measure the 
ellipsoidal altitude all along the satellite track at 
the exact time of the pass of the satellite (what we 
call RDV mode). This measurement allows us to 
cancel errors due to the potential seiche effects, 
which statistically may occur during the 
experiment. Through this procedure, if a seiche is 
observed during the experiment (which may reach 
10 cm of amplitude (Figure 1) and Crétaux et al.
2011), it is naturally removed in the estimation of 
the altimeter bias, as both, the GPS and altimeter 
measure this seiche instantaneously. This 
procedure has been applied with success in a 
previous study (Crétaux et al. 2011) for the 
estimation of Jason1 and Jason-2 absolute and 
relative biases. The biases obtained for both 
satellites were very similar to estimations made 
over Lake Erie by an American team (Ohio State 
University, Shum et al. 2003) and differs slightly 
for Jason-1 with estimations made by other 
authors over the C/V oceanic sites (Bonnefond et
7al. 2010, Haines et al. 2010, Mertikas et al. 2010).
The observed discrepancies do not exceedi 2 cm 
and are still subject to discussion (See Cheng et al.
2010 and Crétaux et al. 2011).
In order to determine the altimeter absolute bias 
we must calculate the ellipsoidal altitude of the 
lake along the altimeter track by two means: from 
altimetry data and from the GPS receivers 
installed on the boat. The absolute bias is simply 
the averaged difference between both estimations 
along the track. It is obviously also necessary to 
quantify the error budget of this calculation which 
originates from both water altitude estimations. So 
part of the uncertainty is due to altimetry errors, 
the other part from the GPS data processing.
Figure 2 illustrates the general principle of C/V 
over Lake Issykkul. In the two following sections 
we will describe this error budget, and how we 
have improved it since the first studies and field 
campaigns made in 2004 and 2005.
4. Water level of Lake Issykkul from satellite 
altimetry
The method to extract water height above a lake 
from radar altimetry is rather similar to that over 
the ocean. The satellite embarks an altimeter, 
which transmit a short microwave pulse in the
nadir direction, which is reflected back by the lake 
surface to the satellite. The time taken to reflect a 
given pulse corresponds to double the distance 
between the water surface and the satellite (called 
the Range), divided by the light velocity as a first 
approximation. Due to the propagation delay of 
the signal through the atmosphere, the range has 
to be corrected for three main terms, DTC, the 
Wet tropospheric Correction (WTC) and the 
Ionospheric Correction (IC). Other terms have to 
be taken into account like the SSB, which is 
electromagnetic bias due to wind and wave effect 
over the altimetry footprint. Corrections due to 
Earth, Lake and Pole tide (ET, LT and PT) should 
also been taken into account. The water height 
over the ellipsoid of reference is given by the 
difference between the altitude of the satellite and 
the corrected range, and is expressed by equation 
(1). Since the atmospheric pressure variability is 
very low (Crétaux et al. 2009) the atmospheric 
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Fig. 2: Principle of C/V over a lake, and the principle of 
GPS antenna measurements. Hay, Ha : Antenna height 
above the lake (vessel land fixed points respectively). Hb, 
ht : Vertical position of GPS antennas above the ellipsoid 
of reference (vessel, and land fixed point). R : Altimeter 
Range
H=Alt–R+[DTC+WTC+IC+SSB+ET+PT+LT] (1)
We discuss below the different terms on the right 
hand side of this equation.
4.1. The altitude of the satellite (Alt) is calculated 
by the ground segment of each mission, and is 
usually provided by the so called GDRs3
(Geophysical Data Records) that are made 
available to us by ESA and via the data centre 
developed at Legos and called CTOH (Centre de 
Topographie des Océans et de l’Hydrosphère).  
For Envisat, the orbit has been computed from the 
different positioning systems onboard (Doris and 
Laser systems), and in the section 6 we will 
describe the method developed to improve this 
orbit in the nadir direction. We have used in our 
study both the GDR-B available at the CTOH, and 
the GDR-C released version provided by ESA 
(Envisat-1 products specifications, 2009); this 
reprocessing improved lots of parameters 
(environmental corrections, SSB, …) including 
the orbit that follows the same GDR-C standards 
as adopted in the framework of Jason-1 and 
Jason-2 missions (Cerri et al. 2010).
4.2. The ET and PT are given in the GDRs. For 
the PT, a scaling factor of 0.468 has been applied 
as recommended in Birkett and Beckley, (2010). 
3 Envisat-1 Products Specifications, Volume 14: Ra-2
Products Specifications, PO-RS-MDA-GS-2009, S4,
Rev.: C, 2009.
8The ET is estimated from the model developed by 
Cartwright and Tayler, (1971). The standard 
deviation of this correction is sub millimetre 
(Bonnefond et al. 2010). The LT has not been 
taken into account as no model currently exists for 
this geophysical effect. For Great Lake of North 
America, they may reach 8 cm (Birkett and 
Beckley 2010), but over Lake Issykkul, which is 
much smaller, a previous study (Crétaux et al. 
2011) shows that it does not exceed a magnitude 
of 0.2-0.3 cm. The Lake tide may also alter the 
GPS data processing along the satellite tracks as 
they were not taken into account.
4.3. The SSB is the combination of an 
electromagnetic bias and instrumental bias, both 
of them, correlated with the Significant Wave 
Height (SWH). The usual way to estimate the SSB 
is empirical for practical reasons, and is based on 
a polynomial function of SWH and of the wind 
speed intensity. Basically SSB increases non 
linearly with high wave height and strong wind. 
The SSB corrections may reach several 
centimeters over the ocean and thus must be 
calculated with precision. Over Lake Issykkul, 
they are both generally very small (in average the 
wind speed is 2 cm/s and wave height rarely 
exceed 50 cm to 1 m which in the model belongs 
to the domain of negligible SSB). Moreover 
during our field campaigns the weather was rather 
calm with very small wave and wind conditions. 
In Crétaux et al. (2009) we have shown that the 
empirical estimation of SSB usually considered by 
the oceanographers and that are given in the 
GDRs may even be totally unrealistic over lakes.
SSB is now considered as one of the major issues 
in C/V over the ocean (Shum et al. 2003, Haines 
et al. 2010) and changes in the model used to 
correct for this effect had some significant impact 
on the calculation of the absolute altimeter biases 
of the T/P and Jason satellites by different authors 
(Haines et al. 2010, Bonnefond et al. 2010). 
Therefore we have  an interesting advantage over 
Lake Issykkul since we do not have additional 
source of error resulting from the SSB.
4.4. For the range (R), we have used the 18 Hz 
data (about 300 m between two individual’s 
measurements). They provide a better fit for the 
geoid undulations along the satellite track, and 
will be more convenient for comparisons with the 
GPS data. Moreover, it has been demonstrated by 
Frappart et al. (2006), and Crétaux et al. (2009), 
that for Envisat, the range calculated using the 
“Ice-1” algorithm is more accurate than the two 
other ones that are “Ice-2” and the classical 
“Ocean” algorithms. Indeed, Calmant et al. (2008) 
stated that a major issue in using radar altimetry 
over continental water surfaces is related to the 
retrieval of the range variable among a large 
variety of waveform shapes. A retracking 
algorithm extracts the range from the received 
energy but with the ocean-designed algorithm, a 
wrong estimation of the range may result from 
analytical function not suitable for the returned 
waveform over lakes or rivers. The GDRs 
available with Envisat offer the choice between 
four different retrackers, and the “Ice-1” has 
proven to be more robust for non-standard 
waveforms such as those encountered over lakes 
and rivers.
In Crétaux et al. (2009) and Crétaux et al. (2011)
we have calculated from Lake Issykkul 
experiment the relative biases of each algorithm 
and found that “Ice-1” minus “Ice-2” is in the 
range 23/24 cm. The same has been computed for 
“Ice-1” minus “Ocean”. For this study, we have 
based all of our computations on the “Ice-1”
model of retracking that are available only with 
the 18 Hz range data. 
4.5. Ionospheric correction
As the IC is inversely proportional to the square of 
the frequency, for the current satellites it is 
derived from the dual frequency altimeters, in Ku 
and C bands for T/P, Jason-1 and Jason-2, and in 
Ku and S band for Envisat. In the CTOH database 
an IC is also derived from the Global Ionospheric 
Maps (GIM) inferred from GPS worldwide 
network. Over the lakes, the dual frequency IC 
can be erroneous with high spatial variability due 
to land contamination as shown in Birkett and 
Beckley (2010). From data 10 km away from the 
land, we have estimated (Crétaux et al. 2011) that 
the coherence between the dual frequency 
correction and the GIM model is about 1.1 cm for 
Jason-1. With Jason-2 the agreement was still 
better with an average difference of 0.4 +/- 1.1
cm. With Envisat, unfortunately the IC from the 
dual frenquency correction is totally erroneous 
after 2008 due to problems occurred on the S 
band. We see in Figure 3 that after this date the 
9Fig. 3: Comparison of IC from Dual Frequency measurements and GIM model over Lake Issykkul for Envisat.
dual frequency correction is not valid anymore, 
and we were obliged to choose the GIM model. 
Without any investigation found in the literature 
about this model, and following the Birkett and 
Beckley (2010) assessment, the error associated 
with the IC, is assumed to be on the order of 2 cm.
4.6. Dry Tropospheric Correction
The DTC is proportional to the atmospheric 
pressure with the following relationship 
(Saastamoinen 1972):
DTC(cm)=-0.2277xPatm(mb)[1+0.0026xcos(2φ)] (2)
Where Patm is the atmospheric pressure at the level 
of the lake and φ is the latitude of the point of 
measurement.
Over lakes in altitude and with surrounding 
mountain like Lake Issykkul we have 
demonstrated in Crétaux et al. 2009 that the DTC
may be significantly wrong due to bad 
interpolation of the atmospheric pressure from 
global gridded meteorological data sets. In 
Particular near the land the effect of the 
interpolation is the worst. To avoid this problem, 
for usual lake level calculations from altimetry, 
one may ignore the erroneous data too close to the 
shoreline. For the C/V made over Lake Issykkul 
we have extracted the direct measurement of 
atmospheric pressure twice a day from a weather 
station at Cholpon Ata (Figure 1 and 6), and 
calculated the DTC from Eq. (2). However in 
order to assess the accuracy of the DTC provided 
in the GDRs, we have plotted the DTC calculated 
from In Situ data and those provided by the GDRs 
for measurements at least 5 km away from the 
land. As shown in Figure 4, the GDR DTC is well 
estimated in the center of the lake with a precision 
better than 1 cm in RMS. For the DTC used in the 
C/V of Envisat we have chosen the In Situ data 
for atmospheric pressure. During the field 
campaigns, a barometer was installed on the 
Vessel to control the data provided by the station 
in Cholpon Ata. In Crétaux et al. (2011) we have 
demonstrated that they were very coherent (better 
than 0.1 cm). For future improvements, and a 
better characterization of the spatial distribution of 
the DTC over Lake Issykkul, we have installed in 
June 2011 another weather station on the South 
East coast in close vicinity to an Envisat track.
4.7. Wet Tropospheric Correction
Bonnefond et al. (2010) have shown that the WTC 
is an important source of geographically 
correlated bias due to land contamination of the 
onboard radiometer. In our previous studies 
(Crétaux et al. 2009, Crétaux et al. 2011) it has 
also been pointed out that the WTC is one 
significant source of error for the C/V of radar 
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Fig. 4: Comparison of DTC between GDR-B products and In situ data of atmospheric pressure.
altimeters over lakes. It has been largely 
demonstrated in particular with the T/P, Jason-1
and Jason-2 satellites.  
In (Brown, 2010 (MSB)) a model has been 
developed to improve the WTC estimation in the 
coastal regions the land. The improvement has 
been demonstrated in Bonnefond et al. (2010).  It 
has been calculated that the accuracy of this 
model near the coastline approaches the 
centimeter level (1.2, 1 and 0.8 cm at 5 and 10 and 
15 km from land respectively). For Envisat GDRs, 
unfortunately the WTC from this model are still 
not available. However for Jason-2 data, over 
Lake Issykkul, we have compared the model from 
CLS, the MSB and the radiometer for the whole 
cycle of this satellite up to now. We obtained 
averaged differences at the cm level between the 
CLS model (-7.2 cm in average over the 3 first 
year of Jason-2) and the MSB (-6.2 cm), while the 
radiometer measures some additional bias with 
respect to the two models (4.8 cm).
For Envisat, we also have analyzed the WTC 
given by the radiometer. We observed a 
significant bias of about 7 cm with respect to the 
model given by CLS In the absence of the MSB 
for Envisat, we prefer to use the WTC given by 
the model of CLS. 
The WTC can also be derived from GPS data 
processing. In fact the total Zenital Tropospheric 
Delay (ZTD), in other words DTC plus WTC, has 
been estimated during each GPS static session 
around the lake (see 5.1). We have used the static 
points that were the closest to the position of the 
satellite track during the RDV mode, and then 
have calculated the total tropospheric zenith delay 
during observational sessions. First, a correction 
to the DTC (derived from Eq. 2 and In Situ
atmospheric pressure measurements) has to be 
calculated in order to take into account the height 
of the station above the lake. Then by subtracting 
this DTC from the estimated ZTD we could get a 
new estimate of WTC. For cycle 82 (September 
2009) during the RDV mode, the WTC deduced 
from GPS and from the model differs by a value 
of 5.7 cm, and for the cycle 92 (September 2010) 
by only 1.3 cm. Although the WTC estimated 
along the shoreline (by GPS static point) may 
differ from that over the center of the lake (where 
the altimetry data were processed for estimation of 
absolute bias) we have decided to use the WTC 
derived from GPS data. However, the WTC still 
remains the principal limitation of our calculation 
but this is also a source of error for other C/V 
oceanic sites that are usually located along the 
coast. 
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5. GPS data processing
The accuracy of the absolute altimeter bias of 
Envisat depends significantly on the quality of the 
GPS data acquisition (field experiments) and 
processing. The sources of errors are multiple. 
This has been a significant source of uncertainty 
in the previous study that we have tried to 
diminish. It concerns firstly the GPS data 
processing, and particularly the kinematic GPS 
positioning (section 5.1), and secondly we have 
tried to improve the procedure of GPS data 
acquisition with a specific care on the height 
antenna estimation (section 5.2)
5.1 Strategy of GPS Precise Point Positioning
Considering the global sources of uncertainties of 
our experiment we consider that the required 
accuracy of the GPS solutions should be at the
centimetre level in RMS for both the tide gauge 
static leveling and for the boat kinematic tracking. 
To reach such an objective, we used the GINS 
CNES/GRGS software (Marty et al. 2011) in 
order to process both 2009 and 2010 data 
campaigns4. This scientific tool is currently 
operated by several groups in the world including 
the CNES-CLS International GNSS Service (IGS) 
(Dow et al. 2009) Analysis Center (AC). The 
latest version computes weekly precise GNSS 
satellites ephemeris products (Loyer et al. 2012) 
called “GRG”5. Both static and kinematic GPS 
observation sessions were processed using the 
PPP technique (Laurichesse et al. 2007) and these 
GRG GPS satellite and clock solutions. In our 
case PPP was an interesting alternative to the 
classical differential approach because for long 
baseline (superior to 10 km) the classical double 
difference data processing is degraded as
demonstrated by Fund et al. (2012). For C/V over 
Lake Issykkul, due to land contamination on the 
altimetry waveform, we indeed have to calculate 
the altimeter bias away from the shoreline by 
more than 10-15 km. In addition, PPP could 
satisfy our accuracy specification (Bertiger et al. 




It moreover prevents us from data gaps during the
transfer time between one static point to another 
one around the lake, as this technique allows 
calculating GPS points without any reference 
fixed station.
• Processing strategy:
In a pre-processing step, outliers and phase 
observation cycle slips are detected. Then the 
ionosphere-free linear combination of pseudo-
range and phase observations from the two GPS 
frequencies is formed. A relative weighting factor 
of 100 is applied to range and phase observations 
(respectively 35 cm and 0.35 cm). Finally a cut-
off angle of 10 degrees is considered.
• Models: 
We followed all of the IERS conventions (Petit6 et
al. 2010) applicable to our cases. Cartesian 
coordinates were expressed in the ITRF05 
(Altamimi et al. 2007) reference frame and then 
transformed into geographic coordinates using the 
GRS80 ellipsoid. In addition, as we used GRG 
IGS orbit and clock products in a PPP mode we 
have applied the recommendations from Kouba7,
(2009). In particular we were careful in using 
specific satellite and receiver phase center offsets 
and variations that were consistent with the GRG 
products. GPS observations must also be corrected 
from the propagation of the signal through the 
troposphere. In fact the ZTDs have been estimated 
together with the other parameters. We used the 
Global Pressure and Temperature (GPT) model 
given by Boehm et al. (2007) as a priori 
value.Then, in order to take into account the 
incident angles of each satellite signal, the Global 
Mapping Function (GMF) (Boehm et al. 2006) 
has been applied 
6 Petit, G., Luzum B., (eds.). IERS Conventions (2010), 
IERS Technical Note No. 36, 2010
7 Kouba, J. A Guide To using International GNSS Service 
(IGS) products, igscb.jpl.nasa.gov/ 
igscb/resource/pubs/UsingIGSProductsVer21.pdf, 2009.
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Positioning Mode Kinematic StaticPPP IPPP PPP IPPP
Phase ambiguities « float » real « fixed » integer « float » real « fixed » integer
Receiver coordinates Every epoch (30s) 1 per day
Receiver clock Every epoch (30s)
Zenithal 
tropospheric delays Piece wise linear (2 hours)
Table 1: Summary of the estimated parameters for static and kinematic sessions
Session % fixed 
ambiguities 
(GPS receiver 1/2)
Julian Day 22160 (09/03/2010) 80,8 / 92,6
Julian Day 22161 (09/04/2010) 92,0 / 91,8
Julian Day 22162 (09/05/2010) 94,0 / 95,9
Julian Day 22163 (09/06/2010) 89,7 / 93,1
Table 2: Kinematic sessions: Percentage of fixed 
ambiguities 
• PPP processing :
Both static and kinematic sessions were processed 
using a PPP method. Table 1 gives the details of 
the respective parameter estimation strategies.
• Integer PPP processing : 
Fixing phase observations ambiguities to their 
integer value obviously improves GPS solutions. 
If the double-differentiation of the observations 
was the only method to recover the integer nature 
of the ambiguities, recent publications 
(Laurichesse et al. 2007, Geng et al. 2010) 
demonstrate that this goal can be reached in a 
zero-difference approach. In other words PPP with 
(integer) fixed ambiguities is now possible (Gee et 
al. 2010). This innovative processing strategy has 
been implemented into the GINS software (Loyer 
at al. 2012). However, this approach requires orbit 
and clock products that conserve the integer 
nature of the ambiguities as well as the a priori 
knowledge of specific satellite un-calibrated phase 
delays which usually are eliminated through 
double-differentiation (Collins et al. 2010). As the 
CNES-CLS AC is being providing these products 
since October 2009, we were able to test this new 
approach on the 2010 data campaign.
Bertiger et al. (2010) have quantified the impact 
of fixing ambiguities in terms of both coordinates 
bias and repeatability. PPP kinematic solutions 
derived from real « float » phase ambiguities may 
suffer from various spurious signatures including 
biases, discontinuities but also slopes and low 
frequencies signals (Perosanz8 et al. 2010). The 
rate of ambiguities fixed during an observation 
session is also a processing accuracy indicator. 
Table 2 gives the percentages of fixed ambiguities 
for the different kinematic sessions of the 2010 
campaign. Because most of them are exceeding 
90% we believe that the fixed series are more 
accurate than the float ones. 
The Figure 5 represents along one boat route on 
the last field campaign (September 2010) the 
difference between the vertical position of the 
GPS antenna calculated in fix and floating 
ambiguities. It shows that differences are not 
negligible. As expected the difference are below 
one (narrow-line) cycle (10.7 cm). This plot also 
shows how an estimating float real ambiguity 
generates not only biases but also slopes and 
discontinuities as a function of the satellite 
geometry changes. Fixing ambiguities to their 
integer values drastically reduces these artefacts 
and consequently improves the solution (Perosanz 
et al. personal communication).
5.2. Computation of GPS height antenna on the 
Vessel above water surface
Along the 6 field campaigns made over Lake 
Issykkul, the issue of the estimation of the height 
antenna (HA) of the mobile GPS has been a key 
point in the C/V data processing. Several 
difficulties have to be solved and we have paid 
special attention to this question on this study in 
order to diminish the total error budget.
-The GPS antenna is generally installed on a place 
on the Vessel where it is quite impossible to make 
8 Perosanz F., Fund F., Rude V., et al. Spurious signals 
analysis in high frequency PPP solutions. Poster, IGS 
Workshop, 28 June - 2 July 2010, Newcastle upon Tyne, 
England, 2010
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Fig. 5: Difference of vertical coordinates of the GPS antenna onboard the Storm’s vessel during the 2010 campaign, 
calculated from Fix and floating ambiguities in PPP mode.
a direct measurement of the HA.  To perform this 
computation we relied on the GPS static antenna 
(SA) directly installed over the water surface on 
the lake’s shore (Figure 2). All receivers used for 
this work were dual-frequency receivers, namely 
5700 Trimble receivers and Topcon GB1000. The 
initial time sampling was 1s, but for GINS data 
processing we have used 30s. Comparison of 
water height from 30s and 1s time sampling has 
been performing over a short distance along the 
cruise, and the coherence was at the millimetre 
level.
Each night the vessel stops in the very close
vicinity of the fix GPS receiver (less than 100 
meters) allowing to subtract from the vertical 
component of the GPS antenna, the vertical 
component of the SA which is calculated from the 
GPS data long session of several hours (ranging 
from 4 to 12 hours). Moreover the vertical 
coordinate of the GPS antenna in the terrestrial 
reference system (ITRF2005) is then converted 
into vertical height of the water surface below the 
antenna. During the 5 first campaigns we have 
performed direct visual measurements of this 
distance between the base of the antenna and the 
water surface (see Crétaux et al. 2009, 2011).  The 
precision was altered by small undulations of the 
water surface, and accordingly we had estimated 
the RMS errors of this estimation from 0.2-0.3 cm
in the best cases to 1-2 cm in the worse.  For the 
last campaign of September 2010 we have used a 
photo camera to take between 30 and 40 pictures 
at each station (at the beginning and at the end of 
each session respectively) in high-speed mode in 
order to then average the values of HA and 
eliminate the effects of small waves. The 
precision we have reached was in all cases 
between 0.1 and 0.2 cm. From this simple method 
we have reduced one non-negligible source of 
error of the C/V of altimeters.
-On the previous studies we have calculated the 
position of the SAs from the GINS software in 
static mode. In Crétaux et al. (2011) we have 
shown that this calculation method suffered from 
an error of about 2 cm. We then estimated the 
mobile GPS antenna vertical coordinate (for the 
GPS installed on the ship) using the Total Trimble 
Control software. In order to make a consistent 
and accurate computation of GPS coordinates, 
especially for the SA, we have made all 
calculations in PPP mode.
Two other error sources also needed to be 
corrected.
-During the 3-4 days of navigation on the Lake, 
the fuel consumption leads to change in the 
waterline of the Vessel. This may reach a few 
14
centimetres per day. A simple way to correct for
this effect is to perform regular (at least every 
day) height antenna estimations from the 
comparison between the SA and mobile GPS 
vertical components after removal of all of the 
corrections described above. This is done every 
night during the campaigns. Changes between 
each estimation epoch are associated with the fuel 
consumption. It is worth noting that during a
campaign on the lake the height antenna is 
therefore regularly increasing. During the RDV 
mode, we paid particular attention to this 
correction, and it reaches about 2 to 4 cm
depending on the boat used (the Multur in 2009 
and the Storm in 2010). The HA used to calculate 
the altimeter bias was therefore the mean value of 
these two HA estimates (before and after the RDV 
mode).
-The last correction to be applied concerns the 
changing waterline of the vessel when it moves at 
different velocities. This effect can reach few 
centimetres and has been calibrated from 
dedicated experiments on the lake with each 
vessel. We simply passed over the same trajectory 
at different velocities, and the resulting HA 
changes was easily measured. A similar procedure 
has been setup by Bouin et al. (2009), where they 
defined a linear model of ship height variations 
with respect to speed changes.  For the Multur we 
estimated that for a ship’s velocity of 10 km/h the 
antenna was lowered by 8 cm, while for the Storm 
at the same velocity the lowering was 17 cm (the 
differences result from the different size and 
weight of each vessel, and the location of the GPS 
antenna with respect to their barycentre). This 
explains this correction is rather small on the 
Multur, which is much heavier than the Storm, 
and where we have installed the GPS near the 
centre of the boat. Whereas the correction is
higher on the Storm, where the two GPS antennas
have been installed near the back of the boat. In
comparison, in Bouin et al. (2009), the effect was 
about 19 cm for a velocity change of 10 km/h. 
This correction has been applied to the previous 
study using Jason-1 and Jason-2 (Crétaux et al.
2011) but was not considered in the first article 
(Crétaux et al. 2009). This may partly explain the
discrepancies with the results we have obtained 
here for Envisat.
A final error is inherent to the Lake Issykkul C/V, 
which, at this stage, cannot be assessed accurately. 
Over a lake like Issykkul, the slope of the geoid 
may be very steep over short distance, and the 
GPS measurements along the satellite track may 
differ from the average water height within a 3-5
km radius footprint. Depending on the exact 
position of the GPS point measured at a given 
time, we therefore might obtain some incoherence 
between both estimations of steep height. We 
have tried to reduce this error by taking into 
account only data far from the lake shoreline. 
Indeed, the slope of the geoid over Lake Issykkul 
is much smoother at the centre of the lake than 
near the land.
In summary the ensemble of these error reduction 
techniques means that error on the absolute bias 
due to the GPS point positioning is significantly 
reduced (from 5.3 to 1.5 cm) with respect to 
previous studies (see Table 3).
Error budget of HA 
calculation Crétaux et al., 2009 This study
SA vertical coordinates GINS in static mode: 2 cm GINS in PPP mode: 
1 cm
HA of SA Visual with a ruler: 1-2 cm series of 
photographies: 1-2
mm
Fuel consomption One value from at the beginning and at the end of 
the campaign: 2 cm
daily estimation, 5
mm
Velocity effect Not considered. Potential error of few cm 
(nevertheless in the first 2 campaigns, we have 
followed the satellite track with a slow velocity of 
the Multur of about 5-6 km/h which has probably 
attenuated the error made.)
Estimation from 
different pass with 
varying velocity:
1cm
Table 3: Summary of error in the calculation of Height antenna at the time of the RDV
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Fig. 7: latitudinal distribution of E-J2 crossover 
differences before (blue curve) and after (red curve) 
orbit error adjustment.
6. Method of Envisat orbit improvement from 
cross over point analysis
Envisat (E) orbit error was reduced using the cross 
over differences with Jason-2 (J2). We used the 
method developed by Le Traon et al. (1995a,b) 
and Carnochan et al. (1995) to improve ERS-1/2 
orbits using the cross over differences with T/P
(Le Traon et al. 1995a,1998; Carnochan et al. 
1995).
This method consists in a global minimisation of 
the differences in the measured sea surface 
topography between Envisat and Jason-2 at cross 
over points. It takes advantage of the very precise 
orbit of Jason-2 to evaluate and correct the 
Envisat orbit error at their oceanic cross over 
points. Smoothing cubic spline functions are then 
used to interpolate the Envisat orbit error along 
the Envisat tracks and estimate a continuous 
Envisat orbit error, which can be applied over 
coastal or terrestrial surface waters (for a detailed 
description of the method see Le Traon et al.
(1995a)).
The method was applied to the cycles 71 to 93 of 
Envisat. Over this period (from the 5th of August 
2008 to the 19th of October 2010) Envisat was
kept on the same 35 day repeat cycle orbit and 
Jason-2 on the same 9.9156 day repeat cycle orbit. 
This is unlike Jason-1, whose orbit was changed 
on mid-February, 2009. For this reason we chose 
Jason-2 rather than Jason-1 as the reference 
mission to correct Envisat orbit errors. It enables 
us to keep a stable common reference over the 24 
cycles of Envisat (cycle 71 to 93).
We used the reprocessed Envisat-B (ENVISAT
RA-2/MWR Product Handbook, Issue 2.2, 2007) 
and Jason-2 GDRC data (OSTM/Jason-2 Products 
Handbook, Issue 1.4, 2009) that are enhanced, 
validated and distributed by the CTOH at Legos.
To get the most homogeneous sea level height 
measurements between Envisat and Jason-2, we 
corrected both datasets for ocean tides (and the 
induced tidal loading) with the FES model (Lyard 
et al. 2004), for barotropic ocean response to wind 
and surface pressure forcing using the MOG2D 
barotropic model (Carrere and Lyard., 2003) and 
for the SSB with the non-parametric SSB from 
CLS (Labroue9 et al. 2006). As the Envisat
radiometer band S module is lost since January 
2008, there is no measurement of the ionospheric 
correction by the radiometer available for Envisat.
Instead we used the IC from the GIM model 
(Harris et al. 1999). For homogeneity, the same 
correction was applied to the Jason-2 dataset. For 
all other geophysical corrections (ET, PT, orbit 
WTC and DTC) we applied the corrections 
recommended in the Envisat Product Handbook 
(Envisat RA-2/MWR Product Handbook, Issue 
2.2, 2007, Issue 2.2, 2007) and the Jason-2
Product handbook (OSTM/Jason-2 Products 
Handbook, Issue 1.4, 2009). 
As in Le Traon et al. (1995a,b) and in Le Traon 
and Ogor (1998) we only used E-J2 cross-over 
differences over the deep ocean ( deeper than 
2000m) where the highest quality data is 
available. To ensure that E-J2 cross-over 
differences give an orbit error estimation of 
Envisat and do not include too much oceanic 
signal, only E-J2 crossovers with time differences 
less than four days were considered. 
Before this large-scale orbit error adjustment the 
mean E-J2 cross-over differences for the 23 cycles 
(cycle 71 to 93) is 0.0520 cm and their standard 
deviation (rms) is 5.1 cm. After the orbit 
correction, the mean is 0.0003 cm and their 
standard deviation is 4.2 cm, which is similar to 
the standard deviation of the J1-J2 crossover 
differences over the same period (4.0 cm). Figure 
7 shows the latitudinal distribution of E-J2 
crossover differences before and after the orbit 
adjustment during the 23 cycles of Envisat. Before 
the orbit correction, the crossover differences 
9 Labroue, S., Gaspar, P., Dorandeu, J., et al. Overview of 
the Improvements Made on the Empirical Determination 
of the Sea State Bias Correction in 15 years of progress in 
radar altimetry Symposium, Venice, Italy, 2006
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Cycle/Track 10 223 554 767
71 -2.43 -1.95 1.44 -2.04
72 -0.18 -0.57 1.33 1.66
73 4.40 -0.91 -0.28 0.80
74 -3.1 -3.5 -1.23 0.04
75 -0.22 4.75 -1.18 -4.14
76 4.66 NA NA NA
77 0.25 -4.99 -2.63 1.41
78 6.79 7.73 3.56 0.24
79 NA 4.36 -0.74 4.78
80 4.77 3.72 5.13 3.07
81 0.85 -1.43 -2.19 -3.73
82 -1.46 -0.39 -0.50 -3.11
83 -6.70 -3.25 0.36 -1.86
84 1.61 -0.96 -2.69 0.08
85 1.41 -1.65 -2.21 -2.72
86 4.15 0.92 -3.01 -1.45
87 0.61 -1.92 -3.51 2.44
88 0.01 NA NA 0.06
89 4.68 -0.73 -0.59 -4.58
90 -1.39 1.81 -4.64 -4.59
91 1.18 0.002 -3.23 -0.97
92 -3.09 -0.25 -3.34 -2.96
93 1.83 -1.14 -1.59 -1.45
Table 4: Orbital error for each cycle and for each track 
over Lake Issykkul (in cm)
show large values particularly in the southern 
ocean and at high latitude in the northern 
hemisphere. After the orbit correction, crossover 
differences are smaller for all latitudes. Large 
values are only observed at latitudes where 
regions of high oceanic variability can be found 
(between -30 and -70 degrees south, where there 
is the Antartic Circumpolar current, Brazil-
Malvinas confluence area and the Agulhas current 
and between 30 and 50 degrees north, near the 
Gulf stream and the Kurushio currents).
The use of cubic spline functions to interpolate the 
Envisat orbit error along the Envisat track allows 
us to estimate a continuous Envisat orbit error at 
each Envisat position and not only at the 
crossover points with Jason2. When computed 
over the 23 cycles of Envisat the orbit error shows 
some variability largely dominated by the one-
cycle-per-revolution and the two-cycles-per-
revolution frequencies. Besides these large scale 
frequencies, some higher frequencies can be 
observed but of smaller amplitude. Over the 23 
cycles, the mean estimated Envisat orbit error is 
0.186 cm and its standard deviation is 2.68cm. 
Now we can deduce the Envisat orbit error over 
the Lake Issykul. Given the large scale variations 
that dominate the orbit error (~44000 km along 
track for the one-cycle-per-revolution and ~22000 
km along track for the two-cycle-per-revolution) 
we can consider its value over the Lake Issykul to 
be constant during each flying over of Envisat.
For each cycle, Envisat flies over Lake Issykul 
four times, during the tracks 10, 223, 554 and 767. 
Table 4 shows for each Envisat cycle and track the 
estimated orbit error. The mean of Envisat orbit 
error over the Lake Issykul during the 23 cycles is 
-0.10 cm and its standard deviation is 2.8 cm.
We could have compared the water height of Lake 
Issykkul, deduced from the altimeter data with a 
corrected orbit with In Situ measurements in order 
to detect improvement from the orbital correction. 
However since the orbit error correction is only of 
2-3 cm level (calculated over over Lake Issykkul 
for cycles 71 to 93), the In Situ data are not 
accurate enough due their time sampling, which 
does not allow us to estimate the seiche effect. 
Indeed we have demonstrated in Crétaux et al. 
(2011) that errors in the In Situ measurement can 
reach up to 10 cm due to this effect (see also 
Figure 1).   
7. Absolute bias of Envisat mission. Results and 
discussions
The absolute bias of the Envisat altimeter has 
been estimated from the two RDV in September 
2009 (cycle 82, over the track number 223) and in 
September 2010 (cycle 92, over the track 767).
The procedure to calculate water height above the 
reference ellipsoid (WGS-84) from altimetry is 
given by Eq. 1 (Section 4). The procedure to 
calculate water height from the GPS PPP method 
described in section 5 has been used over the two 
altimeter tracks for the two RDV. All of the height 
antenna corrections as described in section 5 have
been applied. The absolute altimeter bias is simply 
the average difference between both series of 
water height (from altimetry and GPS data), with 
data selection made at the exact RDV between the 
vessel and Envisat (we used ship the data over a 5
km distance centered on the RDV to calculate the 
altimeter bias).
The calculation has been done for different cases. 
We have tested the three type of orbits (from 
GDR-B, GDR-C and using cross-over orbit 
corrections) for the calculation of absolute 
altimeter bias. The aim is to determine which orbit 
allows the most coherent bias which is calculated 
independently with data on cycle 82 and track 
223, and cycle 92 and cycle 767.
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GRD-B GDR-C Cross-Over analysis
Cycle 82 (cm) 64.8 66.8 65.3
Cycle 92 Float Amb (cm) 61.8 62.6 64.8
Cycle 92 Fix Amb (cm) 59.8 60.6 62.8
Average bias (cm) 62.1 (+/-3.7) 63.4(+/-3.7) 64.3 (+/-3.7)
Table 5: Envisat Altimeter bias (in cm) for cycle 82, Cycle 92 (with fixed and floating GPS ambiguities calculation), 
and averaged bias. All calculation made with WTC inferred from GPS data at fixed stations.
From Crétaux et al. (2009) we have seen that the 
Ice-1 retracker is more precise than the ocean
retracker for Lake Issykkul. From Crétaux et al. 
(2009, 2011) we estimated the absolute bias 
between the two retracker’s algorithms (Ice-1
minus Ocean) which was equal to 25 and 23.4 cm 
respectively. This difference is due to the physical 
quantity retracked by both algorithms. Ocean is
retracking the two-way travel time on the rising 
front of the waveform (Legresy et al. 1997). This 
procedure is supposed to catch the range for the 
very nadir point and the time tracked by this way 
is rather independent of the energy arriving late to 
the onboard reception device. In contrast, the Ice-
1 algorithm performs a mean of the reception 
times, weighted by the energy amplitude. This
algorithm proves very robust for non-standard 
waveforms such as those frequently encountered 
over continental waters (Frappart et al. 2006). In
this study we have again calculated the absolute 
bias for the water height of Lake Issykkul inferred 
from Ice1 and Ocean retrackers. We obtained 
similar results with the previous studies (23.6 cm) 
which indicates that this bias is not depending on 
the satellite mission, and also does not drift in 
time. Figure 8a and 8b show the water height 
variations obtained from both Ice1 and Ocean
retrackers compared to GPS data processing for 
cycles 82 and 92 respectively. We see from those 
figures that the retrackers did not significantly 
influence the noise of the altimeter bias 
calculation. Here we propose a new estimation of
the altimeter bias of Envisat based on the 
measurements over Lake Issykkul from the Ice-1
algorithm. All results for the Ocean retracker can 
be simply inferred from these results knowing Ice-
1 / Ocean relative bias: 23.6 cm.
For the altimetry data processing, we have used 
the WTC correction deduced from the GPS 
measurements on the shoreline as described in 
section 4.7. The differences of WTC estimated 
from GPS and WTC from the model was 1 cm for 
a)
b)
Fig. 8: (a) Water heights above ellipsoid from: Envisat 
altimeter measurement over the track 767 at the RDV in 
September 2010, and GPS antenna onboard the Storm 
boat with fix and floating ambiguities in PPP (b) Water 
heights above ellipsoid from: Envisat altimeter 
measurement over the track 223 at RDV in September 
2009, and GPS antenna onboard the Multur boat with 
floating ambiguities in PPP. Calculation has been done 
with Ice-1 and Ocean retrackers
cycle 92 and 6 cm for cycle 82. Finally we have 
calculated the GPS positions of the antenna 
onboard the vessel in the two mode of calculation, 
with fix and floating ambiguities. Unfortunately, it 
has been possible only for the cycle 92.
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Fig. 9: Differences of instantaneous absolute altimeter biases at each point along the track for the RDV in September 
2009 and 2010 with the average absolute biases estimated for each campaign.
Figure 8 shows the water heights of Lake Issykkul 
along the satellite track and from the GPS antenna 
on the Vessel, plotted for the RDV with cycle 92, 
with the two mode of PPP (with fix and floating 
ambiguities). The bias calculated is given in Table 
5
We observe a quite good stability of the GPS 
solution with respect to the altimetry. This is 
particularly illustrated by the standard deviation of 
the altimeter bias (3.7 cm), which is better than in 
previous studies: 5 cm in Crétaux et al. (2009). 
We also note that the calculation done in PPP with 
fix and floating ambiguities show a difference of 2 
cm (Table 5 and Figure 5).
From Figure 9, we also observe that the standard 
deviation of the bias calculated from cycle 82 and 
92 have different qualities. The left part of the 
figure represents the bias at each measurement 
point along the track (altimetry minus GPS) with 
the average bias calculated for cycle 82, while the 
right part corresponds to cycle 92. For an 
unknown reason, the dispersion of the biases is 
much better (1.4 cm to compare to 4.4 cm) with 
cycle 92 than for cycle 82. For cycle 82, only 
floating ambiguities have been used, which may 
be part of the explanation. 
Table 5 gives us a first estimation of the quality of 
the orbit used. Since we have calculated the 
Envisat altimeter bias for two different cycles over 
two different tracks, and since we have used 
vertical positions of Envisat from different 
products (GDR-B, GDR-C and from our own 
cross-over orbit corrections) we might from It is 
given by the differences of the bias observed in 
each case for cycle 82 and cycle 92. It turns out 
that GDR-B and GDR-C are close together with a 
difference of Envisat altimeter bias of about 3 to 4 
cm for the case where float ambiguities PPP has 
been used and 5 to 6 when fix ambiguities has 
been used for cycle 92. Unfortunately, without the 
possibility of fixing the ambiguities for cycle 82 
we cannot conclude on the question of GPS mode 
of computation. When we have used the orbit 
correction from the cross-over analysis (see 
section 6) the difference of the Envisat altimeter 
bias between cycle 82 and 92 has been reduced to 
less than one cm in with the floating ambiguities 
case and 2.5 cm with fix ambiguities (to be 
compared to 3 to 6 cm with the GDR-B and GDR-
C). It is obviously too premature to conclude on 
the quality of our cross-over analysis based on 
two tracks of Envisat, but these results are 
promising. A better way to confirm the accuracy 
of these orbital corrections would be to compare 
water height variations over a wide range of 
19
continental lakes with In Situ data. This is the aim 
of a further study.
In comparison to the previous study by Crétaux et 
al. (2009) we can also note that the Envisat 
altimeter bias has been significantly modified. For 
the Ice-1 retracker we had obtained 72.4 +/-4.8
cm, to be compared with 62.1 to 64.3 +-3.7 cm 
from this study. We assume that the different 
evolutions of the C/V procedure setup on this 
study have led to this improvement with a new 
mode of GPS point positioning, a better 
estimation of the antenna height, a better 
estimation of the atmospheric corrections for 
altimetry, and a calculation of the bias during the 
RDV only. This has led to a more precise 
estimation of the bias with a reduced standard 
deviation.
8. Conclusions and perspectives
Lake Issykkul is a suitable natural target for radar 
altimetry multi-satellite C/V, for past missions 
(T/P, GFO, Envisat, Jason-1 and Jason-2) and 
future (SARAL/Altika, Jason-3, Sentinel-3, Jason-
CS and SWOT). C/V sites over lakes present the 
advantages to firstly all reduce the source of errors 
in the absolute altimeter bias computation (lower 
tides, water dynamic topography, Barometric
Pressure, SSB), and secondly to make a quality 
assessment of this technique for the study of 
continental waters. In particular, it allows us to 
quantify errors in the corrections due to radar
propagation in the atmosphere, and to cross 
compare the different retracking algorithms of the 
wave form and to calculate their respective 
relative biases.
First campaigns over Lake Issykkul were made in 
2004 and 2005. Since 2008 four new campaigns 
were carried out in the framewotk of the Jason-2
project. Results of the two first campaigns were 
presented in Crétaux et al. (2009) for estimating
the absolute altimeter bias of T/P, Jason-1, GFO 
and Envisat. From two campaigns made in 
February and September 2009 we have calculated
the absolute bias of Jason-1 and Jason-2 (Crétaux 
et al. 2011). The results of the campaigns carried 
out in September 2009 and 2010 are presented in 
this article for a new computation of the Envisat
altimeter bias.
The principal reason to calculate an Envisat 
absolute altimeter bias is to allow for the 
continuity with further mission on the same orbit, 
principally SARAL/Altika, which should be 
launched in 2012. For hydrology in particular it is 
essential to calculate long term (multi-decadal) 
water level time series, in order to catch eventual 
worldwide climate change effects on lakes. 
Continuity can be obtained if during a certain 
period of time (few months) the satellites are in 
the same orbit in a so-called tandem phase, as it 
has been done for T/P with Jason-1 (9 months in 
2002) and then Jason-1 with Jason-2 (8 months in 
2008). In the case of the Envisat / SARAL/Altika
continuity, unfortunately, it has not been possible, 
and at least a one and half year will separate the 
last repeat cycle of Envisat with the first one of 
SARAL/Altika. The same C/V operation will be 
performed over Lake Issykkul when this satellite 
will be launch, therefore allowing the relative bias 
between both satellites to be calculated.
An improved absolute altimeter bias is also 
possible using the 7 fields campaigns from 2004 
to 2011 where new In Situ instruments have been 
progressively installed around the lake, making it 
a good multi satellite C/V. From one campaign to 
another one, new problems have been identified 
and solutions have been developed in order to 
improve the precision and accuracy of the 
calculation.
Several aspects have been modified, that have 
been largely described in this article. We might 
highlight: the GPS data processing, the new 
antenna height calculations, the improved orbit 
estimates for Envisat, and the improved 
geophysical corrections.
This has allowed us to propose a new absolute 
bias of the Envisat radar altimeter, which is 
significantly lower than the first estimation 
proposed in Crétaux et al. (2009) and Faugere et 
al. (2006). The absolute bias of Envisat radar 
altimeter made with the Ice-1 retracker, is
between 62.1 and 64.3 +/-3.7 cm, to be compared 
with previous estimations, all higher than 72 cm 
with standard deviations of about 5 cm. From 
results of previous studies, we might also 
conclude that the absolute bias, when using the 
ocean retracker algorithm, is between 37.1 and 
40.9 cm instead of values between 46.9 and 51.2 
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cm (Cretaux et al. 2009). This large relative bias 
observed for different algorithms also indicates 
that it is not appropriate to mix algorithm in a 
single processing for lakes and rivers monitoring 
from radar altimetry without, taking into account 
this local relative bias.
These Envisat results do not have the higher 
precision needed by the “ocean” community (for 
which the millimetre level is required) but we 
think that it may be useful to “inland water” 
community, for which when the first 
measurements of SARAL/Altika will be available, 
the continuity with Envisat will be essential and 
possible from the results presented in this article.
In this study we also have used new modes of 
calculation for the GPS vertical position of the 
ship, which is particularly interesting when it 
cruises far from the shoreline where we have 
installed fix GPS stations. Indeed, from the PPP 
mode of calculation, which is still under 
investigation in other articles (Fund et al. 
submitted), the gain with respect to double 
difference data processing (strongly dependant on 
the length of the baseline), could be significant. 
For short baseline <10 km) double difference still 
provides better results but for our experiments on 
Lake Issykkul, we principally have used GPS 
height profile at least 10 km away from the 
shoreline where our SA were installed. Moreover, 
it allows to process kinematic GPS data when no 
fix station is operating. 
This will be developed in further studies to 
establish a mean Lake Issykkul surface from 
synergy of laser and radar altimetry and GPS 
vertical profile from all of the campaigns. In 6 
different cruises, we have covered the whole lake 
in different routes, (to join for example one 
satellite track to another) and the network of GPS 
point positioning on the lake is now very dense.
The currently available global models are not 
accurate in remote areas like Lake Issykkul to 
provide the short wavelength undulations of the 
local geoid. For example over this lake, the errors 
of geoid may reach decimetre level. We expect 
that the establishment of a mean lake surface at 
high spatial resolution, merging the satellite data 
and GPS data of each campaign, will allow to 
provide the “gravity” community, an accurate 
element to validate different updated models of 
the gravity field. This will be the object of a 
further study and will also benefit from 
improvement in GPS data processing.
From this study, we have also implemented
corrections on the orbit of Envisat, based on cross-
over analysis with Jason-2 over the ocean. This 
has led to corrections of up to 10 cm, depending 
on the cycle of the Envisat orbit. Further analysis 
(from comparison with In Situ precise data over 
several lakes in different regions of the Earth) are 
still needed, but from this study on Lake Issykkul, 
the coherence of the altimeter biases obtained 
from 2 different campaigns, in September 2009 
and September 2010, has been improved by a 
factor of at least 2.
One of the remaining high error sources in the 
C/V still remains in the WTC corrections. We 
have decided in this study to use WTC deduced 
from GPS data processing on the fix point on the 
shoreline, which have presented non negligible 
differences with the usual model provided in the 
GDRs. The radiometer instrument is limited in 
precision in such inland region. However we still 
suspect that this should be improved in the future. 
No ideal solution exists yet for this problem. In 
the future the model of S. Brown will be tested 
over Lake Issykkul with SARAL/Altika and 
Jason-2, thanks to deployment of a regional 
network of fix GPS stations in the next 2-3 years. 
Actually there is a permanent GPS receiver south 
of the lake, but still far from the lake (by more 
than 10 km), and for validating of the model of S. 
Brown for this lake, permanent GPS stations on 
the shoreline must be deployed.
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We also estimate thermosteric sea level 
variations using temperature data from a
synthesis of observations and an ocean general 
circulation model by the German partner of the 
Consortium for Estimating the Circulation and 
Climate of the Ocean (GECCO; Kohl and 
Stammer, 2008). The analysis provides 
temperature estimates on a 1Hx1H grid from the 
surface to 5450m depth on 23 levels. Because 
GECCO depth levels differ from those of the 
gridded temperature data sets described above,
we compute GECCO thermosteric sea level 
variations down to ~850m. GECCO estimates
are based on in situ data assimilated with the 
MIT general circulation model forced by surface 
fluxes of the National Centers for Environmental
Prediction (NCEP) reanalysis (Kalnay et al., 
1996). We consider GECCO outputs over the 
whole time span covering 1952-2001 but here, 
we show results over the period of 1960-2001
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3FHJPOBM TFB MFWFM DIBOHF BOE WBSJBCJMJUZ JO UIF
$BSJCCFBO TFB TJODF 
3FTFBSDI "SUJDMF
H. Palanisamy1∗, M. Becker2, B. Meyssignac1, O. Henry1, A. Cazenave1
 -&(040.1 5PVMPVTF 'SBODF
 6.3  &41"$&%&76"( $BZFOOF 'SFODI (VJBOB
"CTUSBDU
8F JOWFTUJHBUF UIF SFHJPOBM WBSJBCJMJUZ JO TFB MFWFM JO UIF $BSJCCFBO 4FB SFHJPO PWFS UIF QBTU  ZFBST 	
 VTJOH BO &NQJSJDBM
0SUIPHPOBM 'VODUJPO 	&0'
CBTFE EJNFOTJPOBM QBTU TFB MFWFM SFDPOTUSVDUJPO 	BNFBO PG  SFDPOTUSVDUJPOT CBTFE PO GFX MPOH UJEF HBVHF
SFDPSET BOE EJòFSFOU TFB MFWFM HSJET GSPN TBUFMMJUF BMUJNFUSZ BOE PDFBO DJSDVMBUJPO NPEFMT
 BOE TBUFMMJUF BMUJNFUSZ EBUB GPS UIF MBTU UXP
EFDBEFT 8F öOE UIBU PWFS UIF QBTU  ZFBST UIFNFBO SBUF PG TFB MFWFM SJTF JO UIF SFHJPOXBT TJNJMBS UP UIF HMPCBM NFBO SJTF 	∼NNZS

5IF JOUFSBOOVBM NFBO TFB MFWFM PG UIF QMBDF$BSJCCFBO SFHJPO BQQFBST IJHIMZ DPSSFMBUFE XJUI &M /JOP4PVUIFSO 0TDJMMBUJPO 	&/40
 JOEJDFT
*OUFSQPMBUJPOPG UIF TFB MFWFM SFDPOTUSVDUJPOHSJE BU EJòFSFOU TJUFT JO QBSUJDVMBS BU UIF$BSJCCFBO *TMBOETXIFSF UJEFHBVHF SFDPSET BSF FJUIFS
WFSZ TIPSU PS JOFYJTUFOU TIPXT UIBU MPDBMMZ UIF TFB MFWFM USFOE JT PO UIF PSEFS PG  NNZS JF POMZ TMJHIUMZ MBSHFS UIBO UIF NFBO USFOE PWFS
UIF SFHJPO #FTJEFT DPSSFMBUJPOXJUI &/40 JT JO HFOFSBM HPPE FTQFDJBMMZ TJODF UIFNJET8F BMTP öOE B TJHOJöDBOU DPSSFMBUJPOCFUXFFO
UIF JOUFSBOOVBM WBSJBCJMJUZ JO TFB MFWFM BOEIVSSJDBOF BDUJWJUZ FTQFDJBMMZ PWFS UIF QBTU EFDBEFEVSJOHXIJDI IVSSJDBOF JOUFOTJUZ BOE TFB MFWFM
JOUFSBOOVBM WBSJBCJMJUZ IBWF CPUI JODSFBTFE
,FZXPSET
$BSJCCFBO 4FB • sea level variability • 2-D past sea level reconstruction • satellite altimetry • tide gauge • ENSO • hurricane
© Versita sp. z o.o.
3FDFJWFE   BDDFQUFE 
1. Introduction
4FB MFWFM JT B WFSZ TFOTJUJWF JOEJDBUPS PG DMJNBUF DIBOHF BOE WBSJBCJM
JUZ BT JU JOUFHSBUFT UIF SFTQPOTFT PG BMM DPNQPOFOUT PG UIF DMJNBUF
TZTUFN UP OBUVSBM BOE IVNBOJOEVDFE GPSDJOH 4FB MFWFM BMTP SF
øFDUT UIF OBUVSBM WBSJBCJMJUZ PG UIF DMJNBUF TZTUFN %VSJOH UIF  
DFOUVSZ UIF HMPCBM NFBO TFB MFWFM 	(.4-
 IBT SJTFO BU BO BWFSBHF
SBUF PG ∼ NNZS 	FH $IVSDI BOE 8IJUF 
 4JODF UIF FBSMZ
T TFB MFWFM JT SPVUJOFMZNFBTVSFE CZ IJHIQSFDJTJPO TBUFMMJUF BM
UJNFUSZ XIJDI JOEJDBUFT B (.4- SJTF PG  NNZS TJODF PWFS 
 4FB MFWFM CVEHFU TUVEJFT DPOEVDUFE PWFS UIF BMUJNFUSZ FSB
	TJODF 
 IBWF TIPXO UIF (.4- SJTF SFTVMUT GSPN PDFBO UIFSNBM
FYQBOTJPO 	DPOUSJCVUJOH CZ ∼
 BOE MBOE JDF MPTT GSPN HMBDJFST
∗  	
     	 
  	! " # $ %  &' (&
BOE UIF (SFFOMBOE BOE "OUBSDUJDB JDF TIFFUT 	DPOUSJCVUJOH JO UPUBM
UP∼
 	FH $IVSDI FU BM  $B[FOBWF BOE -MPWFM 
$B[FOBWF BOE 3FNZ 

4BUFMMJUF BMUJNFUSZ IBT SFWFBMFE IJHI SFHJPOBM WBSJBCJMJUZ JO UIF SBUFT
PG TFB MFWFM SJTF XJUI GBTUFS SBUFT 	VQ UP  UJNFT UIBO UIF HMPCBM
NFBO
 JO UIF XFTUFSO 1BDJöD /PSUI "UMBOUJD BOE TPVUIFSO PDFBOT
5IF NBJO DBVTF PG SFHJPOBM WBSJBCJMJUZ PWFS UIF BMUJNFUSZ FSB JT OPO
VOJGPSN PDFBO IFBU DPOUFOU BT XFMM BT TBMJOJUZ WBSJBUJPOT 	FH -PN
CBSE FU BM  
 EJNFOTJPOBM QBTU TFB MFWFM SFDPOTUSVD
UJPOT EFWFMPQFE UP TUVEZ UIF SFHJPOBM WBSJBCJMJUZ JO TFB MFWFM QSJPS
UP UIF BMUJNFUSZ FSB 	FH $IVSDI FU BM  -MPWFM FU BM  3BZ
BOE %PVHMBT  .FZTTJHOBD FU BM B
 IBWF TIPXO UIBU UIF
TQBUJBM USFOE QBUUFSOT BSF OPU TUBUJPOBSZ CVU øVDUVBUF JO UJNF BOE
TQBDF JO SFTQPOTFT UP UIF OBUVSBM NPEFT PG UIF PDFBOBUNPTQIFSF
DPVQMFE TZTUFN MJLF &M /JOP4PVUIFSO 0TDJMMBUJPO 	&/40
 1BDJöD
%FDBEBM 0TDJMMBUJPO 	1%0
 /PSUI "UMBOUJD 0TDJMMBUJPO 	/"0
 	FH
.FZTTJHOBD FU BM B C
 5IJT JOEJDBUFT UIBU BU SFHJPOBM TDBMF
	
   126
UIFSF JT B MPXGSFRVFODZ 	NVMUJEFDBEBM
 DPNQPOFOU PG UIF SFHJPOBM
WBSJBCJMJUZ UIBU TVQFSJNQPTFT UP UIF (.4- SJTF 5IJT DPNQPOFOU
NBZ FJUIFS BNQMJGZ PS SFEVDF UIF (.4- SJTF 8IFO JOWFTUJHBUJOH
UIF FòFDUJWF SBUF PG TFB MFWFM DIBOHF JO TFMFDUFE SFHJPOT JU JT PG QSJ
NBSZ JNQPSUBODF UP BDDPVOU GPS UIJT SFHJPOBM DPNQPOFOU JO BEEJ
UJPO UP UIF HMPCBM NFBO SJTF *O B QSFWJPVT TUVEZ GPDVTJOH PO UIF
XFTUFSO USPQJDBM 1BDJöD JTMBOET 	#FDLFS FU BM 
 GPVOE UIBU BU
'VOBGVUJ BO JTMBOE JO UIF 5SPQJDBM 1BDJöD CFMPOHJOH UP UIF OBUJPO
PG 5VWBMV CFDBVTF PG UIF MPXGSFRVFODZ SFHJPOBM WBSJBCJMJUZ DPN
QPOFOU UIF UPUBM 	BCTPMVUF
 TFB MFWFM SJTF JT BMNPTU UISFF UJNFT UIF
HMPCBMNFBO SBUF PG TFB MFWFM SJTF PWFS UIF QBTU IBMG DFOUVSZ 	JF∼
NNZS WFSTVT  NNZS PWFS 
 5IJT TIPXT UIF JNQPS
UBODF PG FTUJNBUJOH UIF SBUF PG TFB MFWFM SJTF OPU POMZ HMPCBMMZ CVU
BMTP JO UFSNT PG SFHJPOBM WBSJBCJMJUZ JO PSEFS UP VOEFSTUBOE UIF MFWFM
PG JNQBDUT UIBU UIF TFB MFWFM SJTF DBO IBWF PO UIF MPDBM QPQVMBUJPO
*O UIF QSFTFOU TUVEZ XF GPDVT PO UIF $BSJCCFBO 4FB B SFHJPO TVS
SPVOEFE CZ IJHIMZ QPQVMBUFE DPVOUSJFT BOE JTMBOET BOE EFWFMPQ
BO BQQSPBDI TJNJMBS UP UIBU PG 	#FDLFS FU BM 
 UP EFUFSNJOF UIF
UPUBM TFB MFWFM DIBOHF 	JF (.4- QMVT SFHJPOBM WBSJBCJMJUZ
 JO UIJT
BSFB TJODF 
5IF $BSJCCFBO 4FB MPDBUFE CFUXFFO ◦/ BOE ◦/ MBUJUVEF BOE
CFUXFFO ◦8 BOE ◦8 MPOHJUVEF JT CPVOE CZ 4PVUI "NFSJDB
UP UIF 4PVUI $FOUSBM "NFSJDB UP UIF 8FTU 5IF "OUJMMFT B DIBJO
PG JTMBOET TFQBSBUF UIF $BSJCCFBO 4FB GSPN UIF "UMBOUJD 0DFBO UP
UIF /PSUI BOE &BTU BOE GSPN UIF (VMG PG .FYJDP UP UIF 4PVUI 8FTU
5IF$BSJCCFBO SFHJPO TJUVBUFE MBSHFMZ PO UIF$BSJCCFBOQMBUF DPN
QSJTFT NPSF UIBO  JTMBOET JTMFUT SFFGT BOE DBZT .PTU PG UIF
$BSJCCFBO JTMBOET MJF DMPTF UP UIFCPVOEBSJFTPG UIF$BSJCCFBOQMBUF
BOE IFODF BSF HFPMPHJDBMMZ BDUJWF XJUI FBSUIRVBLFT GSPN UJNF UP
UJNF BOE B OVNCFS PG WPMDBOJD BDUJWJUJFT 5IF $BSJCCFBO JTMBOET
BSF DPOTJEFSFE UP CF POF PG UIF WVMOFSBCMF JTMBOET VOEFS GVUVSF TFB
MFWFM SJTF 	/JDIPMMT BOE $B[FOBWF 
 XJUI NPSF UIBO  PG UIF
QPQVMBUJPO MJWJOH XJUIJO  LN PG UIF TIPSF 	.JNVSB FU BM 

5P FTUJNBUF UIF MPXGSFRVFODZ SFHJPOBM TFB MFWFM WBSJBCJMJUZ JO UIF
$BSJCCFBO XF NBLF VTF PG BO &NQJSJDBM 0SUIPHPOBM 'VODUJPO
	&0'
CBTFE 	1SFJTFOEPSGFS 
 EJNFOTJPOBM QBTU TFB MFWFM SF
DPOTUSVDUJPO 	.FZTTJHOBD FU BM B
 5IJT JT B NFBO PG  SF
DPOTUSVDUJPOT UIBU DPNCJOFT OFBSMZ POF IVOESFE MPOH UJEF HBVHF
SFDPSET 	
 XJUI EJòFSFOU TFB MFWFM HSJET PG TIPSUFS EV
SBUJPO 5IF $BSJCCFBO EPFT OPU QPTTFTT NBOZ HPPE RVBMJUZ UJEF
HBVHF SFDPSET BOE FWFO UIF GFX BWBJMBCMF 	BCPVU 
 EP OPU DPWFS
UIFXIPMF  ZFBST QFSJPE 0G UIF BWBJMBCMF SFDPSET POMZ.BHVFZFT
IBT CFFO VTFE JO UIF HMPCBM TFB MFWFM SFDPOTUSVDUJPO 5IVT UIF SF
DPOTUSVDUJPO JT BO JNQPSUBOU UPPM UP TUVEZ UIF SFHJPOBM TFB MFWFM
WBSJBCJMJUZ 5P VOEFSTUBOE XIBU ESJWFT UIF $BSJCCFBO 4FB SFHJPOBM
WBSJBCJMJUZ XF FTUJNBUF UIF FòFDUT PG PDFBO UFNQFSBUVSF BOE TBMJO
JUZ PO UIF PCTFSWFE TFB MFWFM WBSJBUJPOT BOE BMTP DPNQBSF UIF TFB
MFWFM XJUI EJòFSFOU DMJNBUJD JOEJDFT JO QBSUJDVMBS &/40 JOEJDFT 8F
BMTP JOWFTUJHBUF B QPUFOUJBM MJOL CFUXFFO TFB MFWFM WBSJBCJMJUZ BOE
IVSSJDBOF BDUJWJUZ JO UIF $BSJCCFBO SFHJPO
2. Data
2.1. Satellite Altimetry
8F VTF UIF %5.4-" i3FGw TFSJFT PG TBUFMMJUF BMUJNF
USZ EBUB QSPWJEFE CZ $PMMFDUF -PDBMJTBUJPO 4BUFMMJUF
	IUUQXXXBWJTPPDFBOPCTDPNFOEBUBQSPEVDUTTFBTVSGBDF
IFJHIUQSPEVDUTHMPCBMNTMBJOEFYIUNM
 5IF EBUB TFU JT CBTFE
PO UIF DPNCJOBUJPO PG TFWFSBM BMUJNFUSZ NJTTJPOT OBNFMZ
5PQFY1PTFJEPO 	51
 +BTPO BOE  &OWJTBU BOE &34  BOE  *U JT
B HMPCBM IPNPHFOPVT JOUFSDBMJCSBUFE EBUBTFU CBTFE PO B HMPCBM
DSPTTPWFS BEKVTUNFOU UIBU DPOTJEFST 51 BOE UIFO +BTPO BT
SFGFSFODF NJTTJPOT 6TVBM HFPQIZTJDBM DPSSFDUJPOT BSF BQQMJFE
TPMJE &BSUI PDFBO BOE QPMF UJEFT XFU BOE ESZ USPQPTQIFSF JPOP
TQIFSF 	TFF "CMBJO FU BM  GPS EFUBJMT
 BOE JOWFSUFE CBSPNFUSJD
DPSSFDUJPO 	$BSSFSF BOE -ZBSE 
 5IF BMUJNFUSZ EBUB TFU JT VTFE
PWFS UIF UJNF TQBO GSPN +BOVBSZ  VOUJM %FDFNCFS  *U
JT BWBJMBCMF BT ◦ Y ◦.FSDBUPS QSPKFDUJPO HSJET BU XFFLMZ
JOUFSWBMT
2.2. Tide gauges
3FWJTFE -PDBM 3FGFSFODF NPOUIMZ NFBO TFB MFWFM EBUB PG UIF 1FS
NBOFOU 4FSWJDF GPS UIF .FBO 4FB -FWFM 	14.4- 8PPEXPSUI BOE
1MBZFS  IUUQXXXQTNTMPSH
 BSF VTFE JO UIJT TUVEZ "T
NFOUJPOFE BCPWF UIF UJEF HBVHF DPWFSBHF JO UIF $BSJCCFBO 4FB
SFHJPO JT SBUIFS QPPS 0OMZ  UJEF HBVHFT IBWF > ZFBST PG EBUB
CFUXFFO  BOE  *O UIJT TUVEZ XF IBWFNBEF VTF PG  UJEF
HBVHF SFDPSET  IBWJOH >  ZFBST PG EBUB BOE  IBWJOH EBUB POMZ
CFUXFFO  UP  ZFBST CVU PG HPPE RVBMJUZ -JOFBS JOUFSQPMBUJPO
XBTQFSGPSNFE UP JOUSPEVDFNJTTJOHEBUB JO UIFHBQTXIFOFWFS UIF
HBQT BSF ≤  DPOTFDVUJWF ZFBST 	PUIFSXJTF UIF SFDPSE JT OPU DPO
TJEFSFE
 (BQT BOE EJTDPOUJOVJUJFT PDDVS JO UIF UJEF HBVHF SFDPSET
EVF UP OBUVSBM GBDUPST MJLF FBSUIRVBLFT PS DIBOHFT JO JOTUSVNFOUB
UJPO PS FWFO EVF UP BOUISPQPHFOJD GBDUPST 'JH  	BT TUBS TZNCPMT

TIPXT UIF MPDBUJPO PG UIF UJEF HBVHFT BOE UIFJS DIBSBDUFSJTUJDT BSF
HJWFO JO 5BCMF  	JO 'JH  BT CMVF EPUT BOE 5BCMF  BSF BMTP MJTUFE B
GFX BEEJUJPOBM UJEF HBVHFT XJUI TIPSUFS SFDPSET SFDPSET XJUI UJNF
HBQT FYDFFEJOH  DPOTFDVUJWF ZFBST PS JODPSSFDU UJEF HBVHF EBUB
*O WJFX PG UIF QPPS RVBMJUZ PG UIF UJEF HBVHF SFDPSET POMZ UIF QBTU
TFB MFWFM SFDPOTUSVDUJPO 	TFF 4FDUJPO 
 BOE PCTFSWFE BMUJNFUSZ
EBUB IBWF CFFO DPOTJEFSFE JO UIFTF MPDBUJPOT JO PSEFS UP TUVEZ UIF
QBTU BOE SFDFOU TFB MFWFM WBSJBCJMJUZ
5IF UJEF HBVHF UJNF TFSJFT IBWF CFFO DPSSFDUFE GPS UIF JOWFSUFE
CBSPNFUSJD SFTQPOTF PG TFB MFWFM UP BUNPTQIFSJD QSFTTVSF GPSDJOH
VTJOH UIF TVSGBDF QSFTTVSF HSJET GSPN UIF /BUJPOBM $FOUSF GPS &O
WJSPONFOUBM 1SFEJDUJPO 	/$&1 ,BMOBZ FU BM 
 (MBDJBM *TPTUBUJD
"EKVTUNFOU 	(*"
 JT WFSZ TNBMM JO UIF QMBDF$BSJCCFBO SFHJPO BOE
IFODFGPSUI UIF UJEFHBVHF SFDPSET IBWFOPU CFFO DPSSFDUFE GPS(*"
*O PSEFS UP DPODFOUSBUF POMZ PO UIF JOUFSBOOVBM WBSJBCJMJUZ UIF TFB
TPOBM DZDMFT IBWF CFFO öMUFSFE UISPVHI B MFBTUTRVBSFT öU PG 
NPOUI BOE NPOUI QFSJPE TJOVTPJET
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Table 1. Tide gauge locations, MRESL and altimetry trends at the tide gauge locations, correlation coefficients between the detrended tide gauge
and detrended MRESL and between detrended tide gauge and detrended altimetry. Also shown is the correlation existing between
detrended MRESL and detrended altimetry-based sea level over 1993-2009.
2.3. Sea level reconstruction
4BUFMMJUF BMUJNFUSZ TJODF  TIPXT UIBU TFB MFWFM SJTF JT OPU VOJ
GPSN BOE UIBU JU GPMMPXT B DIBSBDUFSJTUJD TQBUJBM QBUUFSO )PXFWFS
UIJT NPTUMZ SFøFDUT UIF JOUFSBOOVBMEFDBEBM WBSJBCJMJUZ BOE UIF MPX
GSFRVFODZ USFOET DBOOPU CF DBQUVSFE CFDBVTF UIF BMUJNFUSZ SFDPSE
JT TUJMM TIPSU /VNFSJDBM PDFBO NPEFMT BOE PDFBO SFBOBMZTFT UPPMT
DBO QSPEVDF UIF SFHJPOBM TFB MFWFM USFOET PO B MPOHFS UJNF TQBO
	FH $BSUPO BOE (JFTF  ,PIM BOE 4UBNNFS  1FOEVò
FU BM 
 5P SFUSJFWF QBTU SFHJPOBM WBSJBCJMJUZ JO TFB MFWFM QSJPS
UP UIF BMUJNFUSZ FSB PUIFS BQQSPBDIFT DBO CF NBEF VTF 5IFTF
BQQSPBDIFT DBMMFE SFDPOTUSVDUJPO UFDIOJRVFT DPNCJOF MPOH UJEF
HBVHF SFDPSET PG MJNJUFE TQBUJBM DPWFSBHFXJUI TIPSUFS HMPCBM HSJE
EFE TFB MFWFM EBUB FJUIFS GSPN TBUFMMJUF BMUJNFUSZ PS GSPN OVNFSJDBM
PDFBONPEFMT 	$IVSDI FU BM  )BNMJOHUPOFU BM  -MPWFM FU
BM  .FZTTJHOBD FU BM B 3BZ BOE %PVHMBT 
 .PTU PG
UIFTF TUVEJFT JOUFSQPMBUF JO BO PQUJNBM XBZ 	TFF ,BQMBO FU BM 
GPSNPSFEFUBJMT
 UIF MPOH UJEF HBVHF SFDPSETXJUI UIFQSJODJQBM &0'
NPEFT PG PDFBO WBSJBCJMJUZ EFEVDFE GSPN UIF BMUJNFUSZCBTFE HSJE
EFE TFB MFWFM EBUB PS PDFBO NPEFM PVUQVUT 3FTVMUT EP EFQFOE PO
VOEFSMZJOH BTTVNQUJPOT JF UIBU UIF QSJODJQBM NPEFT PG WBSJBCJM
JUZ PG UIF PDFBO BSF XFMM DBQUVSFE CZ UIF SFMBUJWFMZ TIPSU BMUJNFUSZ
SFDPSE PS GSPN JNQFSGFDU PDFBO NPEFMT BOE UIVT BSF SFQSFTFOUB
UJWF PWFS UIF MPOHFS UJNF TQBO PG UIF SFDPOTUSVDUFE QFSJPE 	HFOFS
BMMZ TJODF UIF FBSMZ T
 )FSFXF VTF BNFBO PG  EJòFSFOU HMPCBM
SFDPOTUSVDUJPOT EFWFMPQFE CZ.FZTTJHOBD FU BM 	B
 PWFS 
 5IFTF SFDPOTUSVDUJPOT BSF EFSJWFE GSPN % TFB MFWFM HSJET
GSPN UIF PDFBO DJSDVMBUJPO NPEFM %3",,"3 	1FOEVò FU BM 

UIF 40%" SFBOBMZTJT 	$BSUPO FU BM 
 BOE GSPN TBUFMMJUF BMUJNF
USZ 	EBUB GSPN "7*40
 'PS NPSF EFUBJMT 	SFGFS UP .FZTTJHOBD FU BM
B

*O UIF GPMMPXJOH XF DBMM UIF NFBO SFDPOTUSVDUJPO BT .3&4-
2.4. Steric sea level (effects of ocean temperature and salinity
changes)
$IBOHFT JO UIF DMJNBUF TZTUFNT FOFSHZ CVEHFU BSF QSFEPNJOBOUMZ
SFWFBMFE JO PDFBO UFNQFSBUVSFT 	-FWJUVT FU BM  #JOEPò FU BM

 BOE UIF BTTPDJBUFE UIFSNBM FYQBOTJPO DPOUSJCVUJPO UP TFB
MFWFM SJTF 	#JOEPò FU BM 
 "OPNBMJFT JO UFNQFSBUVSF BOE TBMJO
JUZ JO UIF PDFBO XBUFS DPMVNO DIBOHF EFOTJUZ XIJDI GVSUIFS HJWFT
SJTF UP TFB MFWFM WBSJBUJPOT *O UIJT TUVEZ XF IBWF VTFE UIF BOOVBM
NFBO TUFSJD TFB MFWFM BOPNBMJFT GPS UIF QFSJPE  DPN
QVUFE GSPN UIF HMPCBM HSJEEFE UFNQFSBUVSF 	5
 BOE TBMJOJUZ 	4
 EBUB
TFU PG *TIJJ BOE ,JNPUP  	WFSTJPO 
 4UFSJD TFB MFWFM BOPNB
MJFT XFSF DPNQVUFE PWFS UIF SBOHF PG  N EFQUI 5IF BOOVBM
BOE TFNJBOOVBM TJHOBMT XFSF SFNPWFE BOE UIF BOOVBM BWFSBHF
XBT QFSGPSNFE
3. Spatial Trend Patterns in the placeCaribbean Sea
3.1. Trend patterns from satellite altimetry and the mean sea level re-
construction over 1993-2009
0WFS UIF QFSJPE GSPN  UP  UIF BMUJNFUSZCBTFE NFBO TFB
MFWFM USFOE BWFSBHFE PWFS UIF $BSJCCFBO 4FB SFHJPO o TFF 'JH B
GPS UIF BSFB DPOUPVSTo BNPVOUT UP  ±  NNZS 5IF TQBUJBM
USFOE QBUUFSOT PWFS  JO UIF SFHJPO BSF TIPXO JO 'JH B
4USPOH QPTJUJWF USFOET BSF PCTFSWFE BMPOH UIF DPBTU PG UIF 4PVUI
"NFSJDBO DPOUJOFOU XJUI USFOE NBYJNB JO UIF SBOHF PG  NNZS
BSPVOE ◦/ BOE ◦8 UP ◦8 BO BSFB DPOUBJOJOH UIF -FTTFS "O
UJMMFT JTMBOET PG -B 5PSUVHB $VSBÎBP BOE "SVCB )JHI USFOET BSF
BMTP PCTFSWFE BSPVOE ◦/ BOE ◦8 UP ◦8 4NBMMFS USFOET PG
BCPVU  NNZS BSF PCTFSWFE BSPVOE UIF (SFBUFS "OUJMMFT JTMBOET PG
+BNBJDB $BZNBO BOE BSPVOE UIF JTMBOET PG UIF -FTTFS "OUJMMFT JO
UIF FBTUFSO $BSJCCFBO
'PS DPNQBSJTPO 'JH C TIPXT UIF TQBUJBM USFOE QBUUFSOT JO UIF
$BSJCCFBO 4FB EVSJOH  UP  BT EFSJWFE GSPN UIF NFBO SF
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Figure 1. (a) Map of altimetry based sea level trends from 1993 to
2009 with the tide gauge locations superimposed. (b) Map
of sea level trends from Mean Reconstruction from 1993
to 2009. Stars correspond to the 10 tide gauges used in
the study while the blue dots correspond to other locations
with only MRESL and altimetry data.
DPOTUSVDUJPO TFB MFWFM 	.3&4-
 8F DBO PCTFSWF UIBU UIF TQBUJBM
USFOE QBUUFSOT CFUXFFO UIF TBUFMMJUF BMUJNFUSZ BOE .3&4- BSF XFMM
DPSSFMBUFE TQBUJBMMZ CVU UIF BMUJNFUSZCBTFE USFOE BNQMJUVEFT BSF
MBSHFS FTQFDJBMMZ BMPOH UIF DPBTUT PG 4PVUI "NFSJDB
'JH  TIPXT UIF TQBUJBM TFB MFWFM USFOE QBUUFSO GSPN  UP 
PWFS UIF $BSJCCFBO 4FB CBTFE PO UIF .3&4- "T FYQFDUFE UIF TQB
UJBM QBUUFSOT BSF EJòFSFOU GSPN UIPTF PO UIF TIPSUFS QFSJPE 	BMUJNF
USZ FSB
 	TFF UIF EJòFSFODF JO DPMPVS TDBMF
 0WFS  UIF
NFBO TFB MFWFM USFOE PWFS UIF SFHJPO BNPVOUT UP  ±  NNZS
B WBMVF WFSZ TJNJMBS UP UIF HMPCBM NFBO TFB MFWFM SBUF 	≈  ±
NNZS
 GPS UIFQBTU  ZFBST BT PCUBJOFE GSPN$IVSDIBOE8IJUF
	
 BOE .FZTTJHOBD FU BM 	B
 *O 'JH  XF BMTP OPUF B MPDBM
NBYJNVN SFBDIJOH  NNZS JO UIF DFOUSBM $BSJCCFBO 4FB
Figure 2. Map of sea level trends from the mean reconstruction over
1950-2009.
Figure 3. (a) Map of MRESL trend over 1950-2009 with the global
mean trend (∼1.8 mm/yr) removed. (b) Map of steric sea
level trend over 1950-2009 with the global mean trend of
0.3 mm/yr removed.
3.2. Steric effects on the placeCaribbean sea level
'JH B BOE 'JH C TIPX UIF TQBUJBM USFOE QBUUFSO PG UIF .3&4-
BOE TUFSJD TFB MFWFM 	TVN PG UIFSNBM FYQBOTJPO BOE TBMJOJUZ FòFDUT

PWFS UIF $BSJCCFBO 4FB CFUXFFO  BOE  BGUFS IBWJOH SF
NPWFE UIF HMPCBM NFBO USFOE PG FBDI EBUB TFU 	JF  NNZS BOE
 NNZS GPS .3&4- BOE TUFSJD TFB MFWFM SFTQFDUJWFMZ
 #PUI öH
VSFT TIPX TJNJMBS QPTJUJWF USFOE BCPWF  NNZS JO UIF DFOUSF PG
UIF $BSJCCFBO 4FBXJUI UIF USFOENPSF DPODFOUSBUFE CFMPX UIF +B
NBJDBO JTMBOE JO UIF DBTF PG .3&4- XIFSFBT UIF DPODFOUSBUJPO JT
NPSF UPXBSET UIF -FTTFS "OUJMMFT JO UIF DBTF PG UIF TUFSJD TFB MFWFM
1PTJUJWF USFOE QBUUFSOT UP UIF TPVUI PG UIF $VCBO JTMBOE BSF BMTP
DMFBSMZ WJTJCMF JO CPUI UIF .3&4- BOE TUFSJD TFB MFWFM 8F PCTFSWF B
TUSPOH EJQPMFMJLF QPTJUJWFOFHBUJWF USFOE QBUUFSO JO UIF TUFSJD TFB
MFWFM BU UIF NPVUI PG UIF $BSJCCFBO 4FB PQFOJOH UP UIF QMBDF(VMG
PG .FYJDP 4JNJMBS QBUUFSO IPXFWFS OPU JOTJEF UIF QMBDF$BSJCCFBO
SFHJPO JT BMTP PCTFSWFE JO UIF .3&4- BCPWF UIF JTMBOE PG $VCB
'JH  TIPXT UIF JOUFSBOOVBM TFB MFWFM WBSJBCJMJUZ PWFS UIF $BSJCCFBO
4FB PCUBJOFE CZ HFPHSBQIJDBMMZ BWFSBHJOH UIF .3&4- PWFS UIF
$BSJCCFBO GSPN  UP  5IF NFBO USFOE PG  NNZS IBT
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Figure 4. Comparison between detrended MRESL (in mm) and de-
trended steric sea level (in mm) over the placeCaribbean
region from 1950 to 2009.
CFFO SFNPWFE 5IF EFUSFOEFE TUFSJD TFB MFWFM IBT CFFO TVQFSJN
QPTFE UP UIF EFUSFOEFE.3&4- DVSWF 8FPCTFSWF UIBU UIFNBYJNB
BOE NJOJNB PG UIF TUFSJD TFB MFWFM BOE .3&4- DVSWFT BSF XFMM DPS
SFMBUFE TVHHFTUJOH UIBU UIF TBNF QSPDFTTFT ESJWF UIF JOUFSBOOVBM
WBSJBCJMJUZ PG UIF TFB MFWFM BOE JUT TUFSJD DPNQPOFOU
3.3. Interannual sea level variability and climate indices
*O UIJT TFDUJPO XF JOWFTUJHBUF XIBU BSF UIF NBJO DMJNBUF NPEFT
UIBU ESJWF UIF JOUFSBOOVBM UP NVMUJEFDBEBM WBSJBCJMJUZ JO TFB MFWFM JO
UIF $BSJCCFBO SFHJPO
'JH  TIPXT UIF DPNQBSJTPO CFUXFFO EFUSFOEFE .3&4- BOE DMJ
NBUF JOEFY /*/0 /*/0 JOEFY JT POF PG UIF TFWFSBM &/40
QSPYJFT *U JT CBTFE PO TFB TVSGBDF UFNQFSBUVSF 	445
 BOPNBMJFT
BWFSBHFE JO UIF SFHJPO CPVOE CZ ◦/ UP ◦4 BOE GSPN ◦8 UP
◦8 *U JT UP CF OPUFE UIBU UIFSF JT B UJNF MBH PG  NPOUIT CF
UXFFO /*/0 BOE .3&4- 	/*/0 MFBET .3&4-
 BOE UIJT MBH
IBT CFFO DPSSFDUFE 5IPVHI UIFSF JT OP TJHOJöDBOU DPSSFMBUJPO CF
UXFFO /*/0 BOE .3&4- PWFS UIF FOUJSF UJNF QFSJPE UIF DPSSF
MBUJPO JT FRVBM UP  CFUXFFO  BOE  'JH  BMTP TIPXT UIF
DMJNBUF JOEFY $"3 TVQFSJNQPTFE UP UIF EFUSFOEFE .3&4- $"3
$BSJCCFBO 445 JOEFY JT UIF UJNF TFSJFT PG 445 BOPNBMJFT BWFSBHFE
PWFS UIF $BSJCCFBO 	1FOMBOE BOE .BUSPTPWB 
 0WFSBMM XF
OPUF B DPSSFMBUJPO PG  CFUXFFO $"3 BOE .3&4- PWFS UIF XIPMF
UJNF TQBO /FHMFDUJOH UIF UFNQPSBSZ BOUJDPSSFMBUJPO JO UIF FBSMZ
T UIF DPSSFMBUJPO JODSFBTFT UP  CFUXFFO BOE 5IF
SFBTPOBCMZ HPPE DPSSFMBUJPOT FYJTUJOH CFUXFFO .3&4- /*/0
BOE $"3 JOEJDFT JOEJDBUF UIBU UIF JOUFSBOOVBM TFB MFWFM WBSJBCJMJUZ
JO UIF $BSJCCFBO JT JOøVFODFE CZ BOE SFTQPOET UP &/40 FWFOUT
*O PSEFS UP DBQUVSF UIF DIBSBDUFSJTUJDT PG UIF $BSJCCFBO 4FB MFWFM
WBSJBCJMJUZ BO &0' EFDPNQPTJUJPO PG UIF .3&4- XBT QFSGPSNFE
PWFS UIF$BSJCCFBO GPS UIF UJNF TQBO 'JH B C TIPX UIF
  BOE  NPEFT PG.3&4- &0' EFDPNQPTJUJPO SFTQFDUJWFMZ 5IF
&0'NPEF XJUI  PG UIF UPUBM WBSJBODF DBQUVSFT UIF USFOE PWFS
UIF $BSJCCFBO *OEFFE UIF TQBUJBM NBQ PO 'JH B DPSSFTQPOETXFMM
Figure 5. Comparison between detrended MRESL in mm, NINO 3.4
and CAR from 1950 to 2009.
Figure 6. (a) EOF 1st mode of decomposition of the MRESL over
1950-2009 with the mean trend superimposed to the tem-
poral curve of EOF1. (b) EOF 2nd mode of decomposition
of the MRESL over 1950-2009 with NINO3.4 climate index
superimposed to the temporal curve.
UP UIF USFOE NBQ PO 'JH C 'JH B BMTP TIPXT UIF HFPHSBQIJDBMMZ
BWFSBHFE USFOE PWFS UIF $BSJCCFBO TVQFSJNQPTFE UP UIF UFNQPSBM
DVSWF DPSSFTQPOEJOH UP UIF &0'NPEF  #PUI UIF UFNQPSBM DVSWFT
BSF IJHIMZ DPSSFMBUFE 	DPSSFMBUJPO FRVBM UP 
 5IF UFNQPSBM DVSWF
DPSSFTQPOEJOH UP UIF  &0' NPEF XJUI  PG UPUBM WBSJBODF IBT
B DPSSFMBUJPO PG  XJUI /*/0  DMJNBUF JOEFY BT TIPXO JO 'JH C
4. Sea level variability from tide gauge, MRESL and observed altime-
try at various locations in the placeCaribbean region.
4FB MFWFM WBSJBCJMJUZ BU EJòFSFOU MPDBUJPOT JO UIF$BSJCCFBOXBT BOBM
ZTFE CZ NBLJOH VTF PG UJEF HBVHF EBUB .3&4- BOE PCTFSWFE BM
UJNFUSZ BU UIF UJEF HBVHF TJUFT 5IPVHI UIFSF BSFNBOZ UJEF HBVHFT
BWBJMBCMF JO UIF $BSJCCFBO POMZ UFO TJUFT DPVME CF VTFE JO UIF
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TUVEZ *O FòFDU UIF TFMFDUJPO PG UIF UJEF HBVHFT GSPN UIF BWBJM
BCMF SFDPSET XBT QFSGPSNFE CBTFE PO UIF UJNF QFSJPE PG BWBJMBCJM
JUZ PG UIF EBUB UJNF HBQ CFUXFFO UIF EJTDPOUJOVJUJFT BOE UIF RVBM
JUZ PG UIFJS EBUB 5IF DIPTFO SFDPSET XFSF UIFO DPNQBSFE XJUI UIF
.3&4- BOE JO DFSUBJO DBTFT XJUI PCTFSWFE BMUJNFUSZ EBUB EFQFOE
JOH PO UIF BWBJMBCJMJUZ PG UIF UJEF HBVHF EBUB EVSJOH UIF BMUJNFUSZ
FSB 5BCMF  TVNNBSJ[FT UJEF HBVHF BT XFMM BT SFDPOTUSVDUFE BOE
BMUJNFUSZ USFOET DPSSFMBUJPO DPFóDJFOUT CFUXFFO EFUSFOEFE UJEF
HBVHF SFDPOTUSVDUFE BOE BMUJNFUSZ UJNF TFSJFT
*O 'JH  JT TIPXO UIF DPNQBSJTPO PG UIF EFUSFOEFE UJEF HBVHF TF
SJFT 	JO SFE
 XJUI UIF EFUSFOEFE .3&4- 	JO CMBDL
 BOE BMUJNFUSZ TF
SJFT 	JO CMVF
 JOUFSQPMBUFE BU UIF DPSSFTQPOEJOH UJEF HBVHF MPDB
UJPOT &YDFQU GPS UXP UJEF HBVHFT 	$BSUBHFOB BOE $SJTUPCBM
 UIF
SFTU PG UIF 	EFUSFOEFE
 UJEF HBVHFT SFDPSET IBWF DPSSFMBUJPOT 	≥

 XJUI EFUSFOEFE .3&4- .BHVFZFT MPDBUFE JO 1VFSUP 3JDP JT
UIF POMZ UJEF HBVHF TJUF UIBU IBT CFFO VTFE JO UIF % HMPCBM TFB
MFWFM SFDPOTUSVDUJPO PG .FZTTJHOBD FU BM 	B
 4P XIFO QPTTJ
CMF DPNQBSJTPOCFUXFFOPUIFS UJEFHBVHFT BOE UIF SFDPOTUSVDUJPO
JT B WBMJEBUJPOPG UIF SFDPOTUSVDUJPO BMMPXJOHVT UP BTTFTT JUT RVBMJUZ
	BU MFBTU JO UFSNT PG JOUFSBOOVBM WBSJBCJMJUZ

#FUXFFO  BOE  UIF JOEJWJEVBM NFBO TFB MFWFM USFOE GSPN
.3&4- BU TFWFSBM UJEF HBVHF TJUFT JT JO UIF SBOHF PG  UP NNZS
*O GFX DBTFT 	.BHVFZFT 4BO +VBO -JNF 5SFF #BZ .BSJHPU (VTUBWJB
BOE 1PJOUFB1JUSF
 JU JT FWFO MFTTFS UIBO UIF HMPCBM NFBO USFOE
	 NNZS

4.1. North, South and the Eastern Caribbean
"T XF IBWF TFFO JO 'JH  BOE 5BCMF  UIFSF JT PWFSBMM HPPE DPS
SFMBUJPO CFUXFFO BWBJMBCMF UJEF HBVHF SFDPSET BOE SFDPOTUSVDUFE
TFB MFWFM PO JOUFSBOOVBM UJNF TDBMF 5IVT UIF UJEF HBVHF SFDPSET
DPVME CF SFQMBDFE CZ UIF .3&4- JO UIF $BSJCCFBO JO PSEFS UP QSP
WJEF JOGPSNBUJPO PO UIF TFB MFWFM WBSJBCJMJUZ BU JTMBOET BOE DPBTUBM
[POFT UIBU EP OPU IBWF MPOH UFSN UJEF HBVHF SFDPSET 'JH  TIPXT
UIF EFUSFOEFENFBO SFDPOTUSVDUFE TFB MFWFM 	JO CMBDL
 PWFS UIF MBTU
 ZFBST JO UISFF EJòFSFOU [POFT 
 UIF 4PVUIFSO $BSJCCFBO DPN
QSJTJOH UIF $FOUSBM BOE 4PVUI "NFSJDBO DPVOUSJFT PG $PTUB 3JDB
(VBUFNBMB )POEVSBT 1BOBNB $PMPNCJB BOE 7FOF[VFMB 
 UIF
/PSUIFSO $BSJCCFBO DPOUBJOJOH UIF JTMBOE OBUJPOT PG $BZNBO *T
MBOET $VCB %PNJOJDBO 3FQVCMJD )BJUJ +BNBJDB 1VFSUP 3JDP 64
7JSHJO JTMBOET BOE
 &BTUFSO$BSJCCFBOXJUI JTMBOETPG(VBEFMPVQF
.BSUJOJRVF 4BJOU #BSUIÏMFNZ BOE 4U.BSUJO 5IF BMUJNFUSZ CBTFE
EFUSFOEFE TFB MFWFM 	JO CMVF
 CFUXFFO  BOE  JT BMTP TVQFS
JNQPTFE UP UIF EFUSFOEFE .3&4- 5IF EJòFSFODF CFUXFFO 'JH 
BOE 'JH  JT UIBU JO 'JH  POMZ MPDBUJPOT XJUI UIF BWBJMBCJMJUZ PG
UJEF HBVHFT 	TUBS TZNCPMT JO USFOE NBQT
 BSF DPOTJEFSFE XIFSFBT
JO 'JH  GFX PUIFS TUBUJPOT 	CMVF EPUT JO USFOE NBQT
 XIFSF POMZ
UIF .3&4- BOE BMUJNFUSZ BSF BWBJMBCMF BSF BMTP JODMVEFE JO PSEFS UP
TUVEZ UIF  BCPWF NFOUJPOFE [POFT *O 'JH  XF DBO PCTFSWF UIBU
PO B MPOHFS UJNF TDBMF UIF JOUFSBOOVBM TFB MFWFM WBSJBCJMJUZ JO UIF
/PSUI $BSJCCFBO JT IJHIFS UIBO JO UIF 4PVUIFSO $BSJCCFBO XIJMF
UIF &BTUFSO $BSJCCFBO TIPXT HSFBUFS JOUFSBOOVBM WBSJBCJMJUZ EVS
JOH UIF SFDFOU EFDBEFT #PUI UIF /PSUIFSO BOE &BTUFSO $BSJCCFBO
Figure 7. Detrended MRESL and altimetry sea level curves in
mm, interpolated at the tide gauge locations since 1950.
MRESL in black, tide gauge in red and observed altimetry
in blue. The star symbol indicates the station used in 2-D
past sea level reconstruction.
TIPX QSPNJOFOU QFBL EVSJOH  SPVHIMZ DPJODJEJOH XJUI UIF &M
/J×P FWFOU JO 
4.2. Sea level variability and hurricanes
,MPU[CBDI 	
 TIPXFE UIBU UIF JOUFSBOOVBM WBSJBCJMJUZ PG IVSSJ
DBOFT JO UIF $BSJCCFBO SFHJPO JT ESJWFO CZ &/40 BOE UIBU NPSF
BDUJWJUZ PDDVST XJUI -B /JOB DPOEJUJPOT UIBO XJUI &M /JOP DPOEJ
UJPOT 5IF MBTU UXPEFDBEFT 	JO QBSUJDVMBS TJODF 
 IBWF SFDPSEFE
NPSF -B /J×B FWFOUT 	JO QBSUJDVMBS JO   BOE
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Figure 8. Detrended MRESL (in black) and altimetry sea level (in
blue) curves in mm since 1950 at the tide gauge locations
arranged based on their location: Southern Caribbean,
Northern Caribbean and Eastern Caribbean.

 UIBO CFGPSF 'VSUIFSNPSF (PMEFOCFSH FU BM 	

TIPXFE UIBU UIF ZFBST  UP  IBWF TFFO B  GPME JODSFBTF JO
NBKPS IVSSJDBOF BDUJWJUZ BOE B öWFGPME JODSFBTF JO IVSSJDBOF BDUJW
JUZ BòFDUJOH UIF $BSJCCFBO EVF UP TJNVMUBOFPVT JODSFBTFT JO /PSUI
"UMBOUJD TFB TVSGBDF UFNQFSBUVSFT BOE EFDSFBTFT JO WFSUJDBM XJOE
TIFBS 5IFTF BVUIPST BMTP TIPXFE UIBU UIJT QIFOPNFOPO JT MJLFMZ UP
QFSTJTU GPS BO BEEJUJPOBM  UP  ZFBST *O TFDUJPO  XF IBWF TFFO
UIBU UIF/*/0 B QSPYZ PG &M /JOP BOE -B/JOB FWFOUT BOE$"3 BO
JOEFY CBTFE PO UIF $BSJCCFBO 445 DPSSFMBUF XFMM XJUI .3&4- PWFS
UIF $BSJCCFBO TJODF  5IJT QFSJPE BMTP DPSSFTQPOET UP UIF JO
DSFBTFE GSFRVFODZ PG -B /J×B FWFOUT BOE IVSSJDBOF BDUJWJUZ
1JFMLF FU BM 	
 TIPXFE UIBU CFUXFFO BOE UIF/PSUI
FSO $BSJCCFBO IVSSJDBOFT 	 IVSSJDBOFT IJUUJOH #BIBNBT #SJUJTI 7JS
HJO *TMBOET $BZNBO *TMBOET $VCB %PNJOJDBO 3FQVCMJD )BJUJ +B
NBJDB 1VFSUP 3JDP FUD
 TIPX IJHI JOUFSBOOVBM WBSJBCJMJUZ BT XFMM
BT MBSHF NVMUJ EFDBEBM DIBOHFT XJUI B MPOH UFSN BWFSBHF PG 
IVSSJDBOF TUSJLF QFS ZFBS 5IF &BTUFSO $BSJCCFBO FYQFSJFODFT IVS
SJDBOFT BU B MPXFS SBUF UIBO UIF /PSUIFSO $BSJCCFBO XJUI  IVSSJ
DBOF TUSJLF QFS ZFBS XIFSFBT UIF IVSSJDBOFT IJUUJOH UIF $FOUSBM BOE
4PVUI"NFSJDBOQBSU PG UIF$BSJCCFBO TIPX TNBMM EFDBEBM DIBOHFT
XJUI POMZ  TUSJLF QFS ZFBS 5IF QBUUFSO JT WFSZ TJNJMBS UP UIF JOUFS
BOOVBM WBSJBCJMJUZ JO TFB MFWFM PCTFSWFE JO UIF /PSUIFSO BOE 4PVUI
FSO $BSJCCFBO BT EJTDVTTFE JO TFDUJPO  JF /PSUIFSO $BSJCCFBO
TIPXJOH IJHIFS JOUFSBOOVBM TFB MFWFM WBSJBCJMJUZ UIBO UIF 4PVUIFSO
5IJT TFFNT UP TVHHFTU UIBU CPUI UIF TFB MFWFM JOUFSBOOVBM WBSJBCJMJUZ
BOEIVSSJDBOFBDUJWJUZ JO UIFQMBDF$BSJCCFBOBSF SFMBUFE 'VSUIFS JO
WFTUJHBUJPO JT OFFEFE UP VOEFSTUBOE UIF MJOL CFUXFFO UIF TFB MFWFM
WBSJBCJMJUZ BOE IVSSJDBOF BDUJWJUZ JO UIBU SFHJPO
5. Conclusion
*O UIJT TUVEZ XF IBWF BOBMZTFE UIF TFB MFWFM WBSJBCJMJUZ JO UIF
$BSJCCFBO TJODF  CZ NBLJOH VTF PG UIF NFBO PG B NFBO 
% QBTU TFB MFWFM SFDPOTUSVDUJPO PCTFSWFE TBUFMMJUF BMUJNFUSZ BOE
UJEF HBVHF SFDPSET XIFSFWFS BWBJMBCMF 8F PCTFSWF UIBU UIF TQB
UJBM USFOE QBUUFSO JO TFB MFWFM EVSJOH   JT RVJUF EJòFSFOU
GSPN UIBU EVSJOH UIF BMUJNFUSZ FSB 	TJODF 
 .PSFPWFS UIFNFBO
TFB MFWFM USFOE JO UIF $BSJCCFBO JT WFSZ TJNJMBS UP UIF HMPCBM NFBO
TFB MFWFM SJTF SBUF UIFSFCZ JOEJDBUJOH UIBU UIF $BSJCCFBO JT OPU GBD
JOH B TFB MFWFM SJTF MBSHFS UIBO UIF HMPCBM NFBO SJTF 	VOMJLF BU TPNF
JTMBOET PG UIF XFTUFSO USPQJDBM 1BDJöD BT TIPXO CZ #FDLFS FU BM

 0VS SFTVMUT BMTP TIPX UIBU UIF JODSFBTF JO UIFOVNCFS PG IVS
SJDBOFT EVSJOH UIF SFDFOU EFDBEFT IBWF DBVTFE TP GBS NPSF EBN
BHFT UP UIF DPBTUBM BSFBT UIBO UIF TFB MFWFM SJTF JUTFMG )PXFWFS
QSPKFDUFE TFB MFWFM SJTF JO UIF GVUVSF EFDBEFT JO SFTQPOTF UP HMPCBM
XBSNJOH XJMM SFQSFTFOU BO BEEJUJPOBM UISFBU JO UIJT SFHJPO
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